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Summary
The betaproteobacterium Castellaniella defragrans 65Phen belongs to a handful of bacterial strains 
able to mineralize monoterpenes under anaerobic denitrifying conditions. It utilizes acyclic, 
monocyclic and bicyclic monoterpenes as sole carbon and energy sources. Whether C. defragrans uses 
parallel pathways for the degradation of the different monoterpene families or whether the metabolism 
of all its substrates is centralized in a single pathway was elucidated in this study. 
A mutant with a defective monocyclic monoterpene degradation pathway was used to identify the 
initial biotransformation of the bicyclic monoterpenes α-pinene, 3-carene and sabinene. Monocyclic 
monoterpenes were formed in cell cultures and in in vitro assays using cell lysates. This enzyme 
activity was stimulated by ATP and the first evidence suggested a membrane association. Besides the 
accumulation of monocyclic intermediates, transposon mutants and the proteome of bicyclic 
monoterpene-degrading cells supported that the cyclic monoterpene degradation pathway is used for 
the degradation of all monoterpenes in C. defragrans. 
Additional evidence was provided by the in vitro formation of monocyclic monoterpene intermediates 
from monoterpene alcohols. Here, the in vitro dehydration of α-terpineol and terpinen-4-ol was 
observed for the first time. This dehydratase activity together with a second alcohol dehydratase acting 
on linalool were partially purified and characterized. 
An anaerobic limonene dehydrogenase (CtmAB) was purified and characterized from limonene-grown 
C. defragrans. CtmAB is a heterodimeric enzyme and carries two tightly-bound flavins per dimer. 
These two unique features differentiate CtmAB from other proteins of the family of the phytoene 
dehydrogenases (COG1233). CtmAB catalyzes the reversible anaerobic hydroxylation of limonene to 
perillyl alcohol. The oxidation was detected with ferrocenium as electron acceptor, whereas DTT 
served as reductant for perillyl alcohol reduction to limonene. CtmAB reduced ferrocenium ions using 
several other monocyclic monoterpenes including those formed during acyclic and bicyclic 
monoterpene degradation. Thus, C. defragrans channels all monocyclic monoterpene dienes with a 
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sp2-hybridized C1 atom via the limonene dehydrogenase into the monocyclic monoterpene degradation 
pathway for their mineralization. 
Insertion mutants unable to grow on monoterpenes often carried the transposable element on 
membrane-associated and membrane integral proteins. A novel efflux pump of the Resistance-
Nodulation Division (RND) superfamily was analyzed to prove its function as a monoterpene 
detoxification mechanism in C defragrans. The RND transporter encoded by genes ameABCD is 
likely forming a proton gradient-dependent tetrapartite efflux complex which spans from the inner 
membrane, through the periplasm and the outer membrane to the extracellular space. The deletion of 
genes ameABCD significantly reduced C. defragrans’ tolerance towards monoterpene hydrocarbons 
and increased intracellular accumulation of the fluorescent dye Nile Red. Thus, we suggest that 
AmeABCD is actively exporting monoterpenes and other non-polar substrates. 
  
3 
Zusammenfassung
Das Betaproteobakterium Castellaniella defragrans 65Phen gehört zu einigen wenigen 
Bakterienstämmen, die in der Lage sind, Monoterpene unter anaeroben, denitrifizierenden 
Bedingungen zu mineralisieren. Es verwendet azyklische, monozyklische und bizyklische 
Monoterpene als alleinige Kohlenstoff- und Energiequelle. In dieser Doktorarbeit wurde untersucht, 
ob C. defragrans parallele Stoffwechselwege für den Abbau unterschiedlicher Monoterpenfamilien 
nutzt, oder ob der Metabolismus aller seiner Substrate in einem einzigen Stoffwechselweg zentralisiert 
ist. 
Ein Mutant mit defektem monozyklischen Monoterpenabbauweg wurde genutzt, um die anfängliche 
Biotransformation der bizyklischen Monoterpene α-Pinene, 3-Caren und Sabinen zu identifizieren. 
Monozyklische Monoterpene wurden in Zellkulturen und in vitro Untersuchungen mit Zelllysaten 
hergestellt. Diese enzymatische Aktivität wurde durch ATP stimuliert und erste Beweise deuten auf 
eine Membranassoziation hin. Die Ansammlung von monozyklischen Intermediaten, 
Transposonmutanten, sowie das Proteom von bizyklischen monoterpenabbauenden Zellen 
unterstützten die Schlussfolgerung, dass der zyklische Monoterpenabbauweg für den Abbau aller 
Monoterpene in C. defragrans verwendet wird. 
Zusätzliche Beweise lieferte die in vitro Bildung von monozyklischen Monoterpenintermediaten von 
Monoterpenalkoholen. Die Dehydrierung von α-Terpineol und Terpinen-4-ol wurde zum ersten Mal 
beobachtet. Die Aktivität dieser Dehydratase zusammen mit einer zweiten Alkohol-Dehydratase, die 
auf Linalool wirkt, wurde teilweise aufgereinigt und charakterisiert. 
Eine anaerobe Limonen-Dehydrogenase (CtmAB) wurde von auf Limonen gewachsenen C. 
defragrans aufgereinigt und charakterisiert. CtmAB ist ein heterodimerisches Enzym, welches zwei 
kovalent gebundene Flavine pro Dimer besitzt. Diese zwei Eigenschaften unterscheiden CtmAB von 
anderen Proteinen der Familie der Phytoen-Dehydrogenasen (COG1233). CtmAB katalysiert die 
reversible anaerobische Hydroxylierung von Limonen zu Perillaalkohol. Die Oxidation wurde mit 
Ferrocenium als Elektronenakzeptor entdeckt, wohingegen DTT als Reduktionsmittel für 
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Perillaalkohol zu Limonen diente. CtmAB reduzierte Ferrocenium-Ionen mit Hilfe verschiedener 
monozyklischer Monoterpene, inklusive solcher, die während des Abbaus azyklischer und 
bizyklischer Monoterpene gebildet wurden. Daher leitet C. defragrans alle monozyklischen 
Monoterpendiene mit einem sp2-hybridisierten Kohlenstoffatom über die Limonen-Dehydrogenase in 
den monozyklischen Monoterpenabbauweg weiter, um sie zu mineralisieren. 
Insertionsmutanten die nicht auf Monoterpenen wachsen konnten, trugen oft das mobile Element auf 
membranassoziierten oder integralen Membranproteinen. Eine neue Efflux-Pumpe aus der 
Superfamilie der „Resistance-Nodulation-Division“ (RND) wurde analysiert, um ihre Funktion im 
Monoterpenentgiftungsmechanismus in C defragrans zu beweisen. Dieser RND Transporter wird 
durch ameABCD Gene kodiert, die einen vom Protonengradienten abhängigen aus vier Komponenten 
bestehenden Efflux-Komplex bilden, welcher von der inneren Membran durch das Periplasma und die 
äußere Membran bis zum extrazellulären Raum reicht. Das Ausschalten von ameABCD Genen 
reduzierte die Toleranz von C. defragrans gegenüber Monoterpen-Hydrogenkarbonaten signifikant 
und steigert die Akkumulation des Fluoreszenzfarbstoffes Nile Red. Deshalb schlagen wir vor, dass 
AmeABCD aktiv Monoterpene und andere nicht polare Substrate exportiert. 
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Chapter I: Introduction
 
1.1 Terpenes and monoterpenes 
Terpenes constitute a naturally occurring and chemically diverse group of hydrocarbons present in 
organisms of all domains of life (Davis and Croteau 2000). Despite their ubiquitous distribution, 
terpenes attain their greatest abundance and structural diversity in plants. The term “terpene” derives 
from the German word for turpentine, Terpentin, the viscous balsam obtained by carving the bark of 
several pine trees (Pinaceae). The ever growing number of terpene compounds identified to date has 
reached over 80,000 (Pemberton et al. 2017), comprising the largest and most diverse family of 
natural products known. Structurally, terpenes, also called isoprenoids, consist of repetitions of the 
five-carbon building block isoprene (C5H8, 2-methyl-buta-1,3-diene) (Ruzicka 1953). Terpenes are 
classified based on the length of their carbon skeleton into hemi- (C5), mono- (C10), sesqui- (C15), di- 
(C20), tri- (C30), tetra- (C40) and polyterpenes (>C40) (Figure 1) (Ashour et al. 2010). During 
synthesis, the linear carbon chain undergoes rearrangements and cyclization reactions resulting in a-, 
mono-, bi-, tri-, tetra- and polycyclic products with multiple stereocenters. Additionally, 
functionalization with oxygen yields alcohols, aldehydes, acids, ketones, esters and epoxides. 
 
Chapter I: Introduction 
 
 
6 
 
Figure 1. Selected structures of natural terpenes classified by their carbon chain length. C5, 
hemiterpenes; C10, monoterpenes; C15, sesquiterpenes; C20, diterpenes; C30, triterpenes and >C40, 
politerpenes. Constitutive isoprene repetitions are highlighted on each structure. 
Due to their large diversity terpenes have been attributed with a myriad of biological functions both as 
primary and secondary metabolites, while in many cases their function still remains unelucidated. 
Some intracellular roles of terpenes include hormones (cytokinins, gibberellins), pigments 
(carotenoids), components of electron transfer systems (ubiquinone, plastoquinone) and membrane 
fluidity determinants (sterols) (Pichersky and Raguso 2016). Interestingly, the vast majority of the 
isoprene 2-methyl-3-buten-2-ol β-myrcene limonene terpinen-4-ol
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terpenes have ecological functions such as toxins or repellants to herbivores, as antimicrobial agents 
and as allelochemicals in insect-insect, plant-insect and plant-plant interactions (Gershenzon and 
Dudareva 2007; Singh and Sharma 2015). Humans have profited from the wide array of biological 
functions of terpenes for millennia. These have been used in preservation of foods, for embalmment 
and as antimicrobial, anti-inflammatory, sedative, analgesic, spasmolytic and anesthetic remedies 
(Bakkali et al. 2008; Brettell et al. 2017). Throughout history human dependency on terpenes has not 
changed much; instead it has further expanded for satisfying the needs for plastics (rubber), biofuels, 
chemical precursors and fragrances. 
Terpenes are synthesized in three major steps: (i) the formation of the universal precursors isopentenyl 
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP); (ii) the condensation of the precursors to 
linear polyprenyl diphosphates of varying lengths; and (iii) intramolecular rearrangements of the 
polyprenyl diphosphates resulting in a highly diverse group of terpene end products (Bian et al. 2017; 
Pichersky et al. 2006). IPP and DMAPP can be synthesized via two compartmentalized pathways: the 
cytosol/peroxisome-localized mevalonate pathway (MVA) and the mostly plastid-localized 2-C-
methyl-D-erythritol-4-phosphate pathway (MEP) (Figure 2). The MVA pathway is present in the 
majority of the organisms including animals, yeast, Archaea and some Gram-positive bacteria (Kovacs 
et al. 2002; Smit and Mushegian 2000; Wilding et al. 2000), whereas the MEP pathway is used by 
most Gram-negative bacteria, cyanobacteria and green algae (Disch et al. 1998; Rohmer et al. 1993; 
Vranova et al. 2013a). Remarkably, both pathways are present and used in higher plants and some 
algae (e.g., Cyanidium caldarium and Ochromonas danica), which is considered as a legacy of early 
endosymbiotic events between eukaryotic hosts and cyanobacterial (endo-)symbionts (Keeling 2010; 
Lichtenthaler 2010; Lohr et al. 2012). In the MVA pathway, the condensation of three acetyl-CoA 
units leads to the synthesis of 3-hydroxy-3-methylglutaryl-CoA (Miziorko 2011). The reduction of this 
compound by the corresponding reductase yields mevalonate, which is pyrophosphorylated in two 
successive ATP-dependent steps and finally decarboxylated to yield IPP. The formation of DMAPP in 
the MVA pathway is catalyzed by an isopentenyl diphosphate:dimethylallyl diphosphate isomerase 
(IDI) (Lohr et al. 2012; Singh and Sharma 2015). The more recently elucidated MEP pathway, also 
referred to as the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway, starts by the fusion of pyruvate 
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and glyceraldehyde-3-phosphate in a transketolase-like condensation (Lange et al. 1998). The 
resulting product DXP is isomerized and reduced to 2-C-methyl-D-erythritol-4-phosphate (MEP). The 
transformation of MEP into 4-hydroxy-3-methyl-2-(E)-butenyl-diphosphate (HMBPP) is catalyzed in 
a cascade of four enzymatic steps (Lichtenthaler 2010). The enzyme HMBPP reductase yields both 
IPP and DMAPP, usually in ratios between 3:1 and 5:1 (Rohdich et al. 2002; Tritsch et al. 2010). 
Depending on metabolic demands, the ratio of IPP and DMAPP is balanced out by a second IDI 
enzyme within the plastid (Lichtenthaler 2010). 
 
Figure 2. Overview of the compartmentalized pathways for terpene biosynthesis as described for 
plants. The cytoplasmic mevalonate (MVA) pathway and the plastidic 2-C-methyl-D-erythritol-4-
phosphate (MEP) pathway, also known as the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway, 
synthesize the universal C5 precursors isopentenyl diphosphate and dimethylallyl diphosphate. The 
corresponding isoenzymes isopentenyl diphosphate:dimethylallyl diphosphate isomerases (IDI) 
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catalyze the interconversion of the precursors based on physiological demands. The depletion of C5 
precursors in one of the pathways is compensated by transport across compartments by a still 
unidentified transporter (Vranova et al. 2012). The condensation of the C5 precursors yields geranyl 
diphosphate (GPP), neryl diphosphate (NPP), farnesyl diphosphate (FPP) and geranyl geranyl 
diphosphate (GGPP). These are the branch point for the subsequent synthesis of all terpenes. 
Both pathways result in the formation of the two universal precursors for terpene synthesis isopentenyl 
diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). In plants reduced IPP or DMAPP 
production by one of the pathways can be compensated by transport of either of the precursors across 
the plastidic membrane (Pellaud and Mene-Saffrane 2017; Vranova et al. 2013b). The condensation of 
IPP and DMAPP results in the synthesis of a wide array of terpene compounds. In a second stage of 
terpene biosynthesis, prenyltransferases catalyze the 1’-4 (head to tail) condensation of DMAPP and 
IPP. These enzymes determine the cis- or trans- stererochemistry of the C10 product, namely neryl 
diphosphyte (NPP) and geranyl diphosphate (GPP), respectively (Gutensohn et al. 2014; Vranova et 
al. 2013a). Further addition of IPP to NPP and GPP results in the formation of all cis- and all trans-
farnesyl diphosphate (FPP). Altogether NPP, GPP, all cis-FPP and all trans-FPP are the branch point 
for the subsequent synthesis of all isoprenoids. The last step in terpene biosynthesis proceeds through 
the formation and rearrangement of carbocationic intermediates within the active site of specialized 
terpene synthases (Christianson 2017). These enzymes generally fall into two main classes depending 
on the strategy for carbocation formation: class I enzymes generate a comparatively stable allylic 
carbocation by the release of the pyrophosphate group, whereas class II enzymes generate a tertiary 
carbocation by protonating a C–C double bond or an epoxide ring (Schmidt-Dannert 2015). The 
former includes the prenyl transferases, the monoterpene and sesquiterpene cyclases and many 
diterpene cyclases (Gao et al. 2012; Wendt and Schulz 1998). Class II synthases include mainly the 
triterpene and tetraterpene cyclases involved in cholesterol and β-carotene biosynthesis. 
Terpenes play important roles in the climate system, the atmospheric chemistry and the carbon cycle. 
They account for 70-85% of the biogenic volatile organic compounds (BVOC) emitted yearly (760-
1000 Tg C yr-1) (Bai et al. 2017; Sindelarova et al. 2014). Mostly emitted by land plants, the 
Chapter I: Introduction 
 
 
10 
hemiterpene isoprene (400-500 Tg C yr-1) and a small group of monoterpenes (95-157 Tg C yr-1) are 
the main components of the global BVOC flux (Guenther et al. 2012; Muller et al. 2008). Ferns, 
mosses, gymnosperms and angiosperms all include members that emit high amounts of isoprene and 
monoterpenes to the atmosphere (Bohlmann et al. 1998; Sharkey et al. 2008). The cost for terpene 
emission in terms of carbon loss is compensated by the proposed photosystem protection conferred by 
these metabolites via heat dissipation and tolerance against reactive oxygen species (Holopainen 2004; 
Penuelas and Llusia 2003; Sharkey et al. 2008). In the atmosphere, volatile terpenes rapidly undergo 
photo-oxidation resulting in less volatile products known as secondary organic aerosols (SOA) 
(Emanuelsson et al. 2014). SOA production promotes cloud condensation, affects tropospheric ozone 
chemistry and reduces the overall oxidizing capacity of the lower troposphere (Jokinen et al. 2015; 
Kroll and Seinfeld 2008; Librando and Tringali 2005). SOAs persist in the atmosphere until their total 
oxidation to CO2 takes place or until atmospheric deposition on land and aquatic systems occurs. 
Monoterpenes released from decomposing ground litter and root exudates can be found in soils and 
sediments (Hayward et al. 2001; Lin et al. 2007). These belowground monoterpenes permeate the soil 
through air-filled pores and are known to influence macro- and microorganisms in a rather complex 
and intricate manner. The inhibition of seed germination and plant growth by α- and β-pinene, 
limonene, camphene and other monoterpenes has been amply documented (De Martino et al. 2010; 
Muller and Muller 1964; Vokou et al. 2003; Wenke et al. 2010). The allelopathy extends also to 
animals which respond positively or negatively to the underground volatile blends (Weissteiner and 
Schütz 2006). The selective attraction of organisms that are endoparasitic to attacking hervibores is a 
common feature in the soil arms race (Bertin et al. 2003; Langenheim 1994). Root volatiles are 
important in the regulation of surrounding microbial populations. Monoterpenes such as β-
phellandrene and 1,8-cineol emitted by the roots and rhizomes of numerous phylogenetically unrelated 
plants exhibit antimicrobial activity against several of their bacterial and fungal pathogens (Cobb et al. 
1968; Dudareva et al. 2006; Vilela et al. 2009; Wenke et al. 2010). Despite their low solubility and 
high cytotoxicity, monoterpenes are growth substrates to aerobic and anaerobic microorganisms. Such 
biodegradation carries ecological repercussions since it alleviates the allelopathic effects of soil 
monoterpenes (Ehlers 2011). 
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1.2 Monoterpene biodegradation 
As it is the case for other hydrocarbons, the microbial mineralization of monoterpenes requires the 
introduction of functional groups suitable for biological activity. The most recurrent functionalization 
reactions in monoterpene metabolism are (i) allylic oxygenation, (ii) oxygenation on a double bond 
and (iii) water addition (Madyashta 1984; Marmulla and Harder 2014). These reactions are commonly 
catalyzed by mono- and dioxygenases, and other monoterpene hydroxylases (Rojo 2009). These yield 
primary or secondary alcohols and epoxides as products. For the last half a century, several 
monoterpene biotransformation reactions including functionalizations, oxidations and molecular 
rearrangements have been reported in the literature (de Carvalho and da Fonseca 2006; Li and Lan 
2011; Marmulla and Harder 2014). However, information regarding complete metabolic pathways is 
scarce. Nonetheless, the regio- and enantioselectivity of several of such enzymatic reactions pose great 
potential for biotechnological applications in medicine and the perfume, cosmetics and food industries 
(Balcerzak et al. 2014; Bicas et al. 2009; Krings and Berger 2010). The use of abundant and 
inexpensive monoterpenes such as α/β-pinene and limonene as precursors for the synthesis of more 
valuable compounds is subject of intensive research (Bian et al. 2017; Leavell et al. 2016; Linares et 
al. 2009; Molina et al. 2013). 
The aerobic mineralization of several monoterpenes has been thoroughly investigated in species of 
Pseudomonas. A partial degradation pathway for the primary monoterpene alcohols geraniol, nerol 
and citronellol was described in P. citronellolis as early as the 1960s (Seubert 1960; Seubert and Fass 
1964). Later, this pathway was found to be widely distributed in other Pseudomonas species (Cantwell 
et al. 1978; Prakash et al. 2007; Vandenbergh and Wright 1983), and recently has been completely 
described (Figure 3) (Forster-Fromme et al. 2006; Forster-Fromme and Jendrossek 2010). Briefly, the 
degradation of acyclic monoterpene alcohols in Pseudomonas sp. can be outlined in four phases: (i) 
the oxidation of the substrate to a carboxylic acid followed by its activation to a CoA-thioester; (ii) the 
elimination of the β-methyl group by carboxylation and subsequent de-acetylation, also known as the 
acyclic utilization terpene (Atu) pathway; (iii) the cleavage of two acetyl-CoA units by β-oxidation 
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Additional pathways for the mineralization of the monoterpenes myrcene, linalool, limonene, p-
cymene, camphor and pinene have been disclosed in Pseudomonas (Duetz et al. 2003; Iwaki et al. 
2013; Linares et al. 2009; Soares-Castro and Santos 2015). Other model organisms in monoterpene 
degradation are Rhodococcus erythropolis DCL14 and R. opacus PWD4. Numerous members of this 
genus can grow on several hydrocarbons and monoterpenes, including limonene, as sole carbon and 
energy sources (Chatterjee 2004; de Carvalho and da Fonseca 2005). R. erythropolis DCL14 attacks 
the cyclohexene ring in limonene with two different mono-oxygenases forming either limonene-1,2-
epoxide or trans-carveol (van der Werf and Boot 2000; van der Werf et al. 1999). The latter is also 
formed by R. opacus PWD4 (Duetz et al. 2001). Subsequent oxidation steps result in the formation of 
monoterpene lactone intermediates which are hydrolyzed to linear carboxylic acids. After their 
activation to the respective CoA thioesters the intermediates are further degraded via β-oxidation. 
The anaerobic mineralization of monoterpene substrates was first reported in denitrifying enrichments 
from forest soil and activated sludge samples (Harder and Probian 1995). The isolation of the 
microbes allowed the characterization of seven strains affiliating to Betaproteobacteria. The strains 
distributed into three novel species within the genera Thauera and Castellaniella (ex Alcaligenes) 
(Foss and Harder 1998; Foss et al. 1998; Kampfer et al. 2006). The strain Thauera terpenica 58EuT 
grows on the bicyclic monoterpene epoxide eucalyptol, and several monocyclic and bicyclic 
monoterpene dienes, as well as on α-terpineol and terpinen-4-ol. The monocyclic monoterpenes (−)-
menthol, (−)-menthone, (+)-isomenthol, (−)-isopulegol and (+)-pulegone and the acyclic 3,7-dimethyl-
octan-1-ol supported growth of T. terpenica 21Mol. In this organism, a pathway involving the 
formation of a dione as an intermediate for the cyclohexane ring-opening of its cyclic substrates has 
been proposed (Hylemon and Harder 1998). The characterization of the strain 47LolT resulted in the 
description of a second Thauera species, namely T. linaloolentis, which specializes in growth on 
acyclic monoterpene alcohols. In this organism, the membrane associated linalool isomerase catalyses 
the regioselective isomerization of the tertiary alcohol linalool to geraniol (Foss and Harder 1997; 
Marmulla et al. 2016). Geraniol is oxidized to geranial and then to geranic acid by the corresponding 
alcohol and aldehyde dehydrogenases. The further oxidation of geranic acid has been suggested to 
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occur via a pathway analogous to the Atu pathway described in Pseudomonas (Figure 3) (Forster-
Fromme and Jendrossek 2010; Marmulla et al. 2016). 
The placement of the strains 51Men, 54PinT, 62Car and 65Phen was originally proposed in a new 
species within the genus Alcaligenes, namely Alcaligenes defragrans (Foss et al. 1998). Upon further 
phylogenetic and chemotaxonomic analysis relocation into the novel genus Castellaniella within the 
family Alcaligenaceae was proposed (Kampfer et al. 2006). Castellaniella defragrans strains 51Men 
and 65Phen were isolated using the monocyclic monoterpenes (+)-menthene and α-phellandrene, 
respectively, as sole carbon and energy source (Harder and Probian 1995). On the other hand, strains 
54Pin and 62Car were isolated on the bicyclic compounds α-pinene and 2-carene, respectively. All 
four strains are reported to grow on the monocyclic substrates (+)-p-menth-1-ene, (+)-limonene, α-
phellandrene, α-terpinene, γ-terpinene, terpinolene, (+)-α-terpineol and (+)-terpinen-4-o1, as well as 
on the bicyclic (+)-sabinene, (+)-2-carene, (+)-3-carene, (-)-α-pinene and (-)-β-pinene. Additionally, 
all except 54Pin can grow on the monocyclic β-myrcene. 
1.3 Castellaniella defragrans 65Phen 
C. defragrans 65Phen is a motile, rod-shaped (1.3-1.8 µm x 0.5-0.6 µm) mesophile with a facultative 
and strictly respiratory metabolism (Foss et al. 1998). Apart from molecular oxygen, it uses nitrate, 
nitrite and nitrous oxide as electron acceptor. As carbon and energy sources it can use selected amino 
acids and short-chain fatty acids, as well as several acyclic, monocyclic and bicyclic monoterpenes. 
Noticeably, the mineralization of the cyclic monoterpene substrates requires the presence of a sp2 
hybridized C1 atom (Heyen and Harder 1998). Other compound families such as alkanes, 
carbohydrates and aromatics are not metabolized. 
In C. defragrans 65Phen, the degradation of the acyclic monoterpene β-myrcene is initiated by 
hydration of the methylene double bond forming the tertiary alcohol linalool (Figure 4). Linalool is 
then isomerized to the primary alcohol geraniol. Both reactions are catalyzed by the bifunctional 
enzyme linalool dehydratase/isomerase (Ldi) (Brodkorb et al. 2010; Lüddeke and Harder 2011). Ldi is 
a periplasmic homopentameric enzyme, which carries out the dehydratase and hydroxyl mutase 
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reactions in strict anaerobic conditions without the need for soluble cofactors or prosthetic groups. Its 
recently elucidated crystal structure revealed the existence of three catalytic centers in the enzyme’s 
active center, which coordinate the protonation and hydration of the double bond and determine the 
regioselectivity of the isomerization reaction (Nestl et al. 2017; Weidenweber et al. 2016). As a 
primary alcohol, geraniol is subject to oxidation first to geranial and then to geranic acid by specific 
geraniol and geranial dehydrogenases (GeoA and GeoB, respectively) (Lüddeke et al. 2012b). The 
discovery and characterization of GeoA and GeoB confirmed the previous detection of geranic acid in 
cultures and cell suspensions supplied with β-myrcene and other monoterpenes (Heyen and Harder 
2000). Thus far, the fate of geranic acid in C. defragrans has not been resolved. Genes analogous to 
the Atu pathway from Pseudomonas (Figure 3) have not been found in C. defragrans. In fact, 
experiments with a deletion mutant lacking the gene for the linalool dehydratase/isomerase have 
suggested the existence of an alternative pathway for linalool metabolism and a link between the 
cyclic and acyclic monoterpene degradation (Figure 4) (Lüddeke et al. 2012a; Marmulla 2015). 
 
Figure 4. Proposed pathways for the degradation of acyclic and monocyclic monoterpenes in C. 
defragrans 65Phen. The main reactions are catalyzed by the linalool dehydratase/isomerase (Ldi), 
geraniol dehydrogenase (GeoA), geranial dehydrogenase (GeoB), limonene dehydrogenase (CtmAB), 
perillate-CoA ligase (GeoC), perillyl-CoA hydratase (MrcF), 2-hydroxy-4-isopropenylcyclohexane-1-
carboxyl-CoA dehydrogenase (MrcD), 4-isopropenyl-2-oxo-cyclohexane-1-carboxyl-CoA hydrolase 
(MrcE). The fate of geranic acid has thus far not been experimentally disclosed. Recent results have 
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suggested a link between the acyclic and monocyclic monoterpene degradation pathways, being the 
biotransformation of linalool the linking step (Marmulla 2015). 
Recently, a pathway for the complete mineralization of monocyclic monoterpenes has been proposed 
(Figure 4) (Petasch et al. 2014). The oxidation of limonene is started by the oxygen-independent 
hydroxylation of the allylic methyl group, a reaction catalyzed by the genetic product of genes ctmAB 
(Harder and Marmulla 2017; Petasch et al. 2014). This limonene dehydrogenase CtmAB is predicted 
to be a flavoenzyme related to the phytoene dehydrogenases (COG1233). Members of the phytoene 
dehydrogenases, also known as desaturases, are a group of enzymes that introduce double bonds into 
specific allylic groups of phytoene, a precursor in carotenoid biosynthesis. The product of limonene 
hydration is perillyl alcohol, a primary alcohol that serves as substrate to the geraniol dehydrogenase - 
GeoA. This enzyme exhibited comparable KM values for geraniol and perillyl alcohol, but a higher 
overall catalytic efficiency for the latter (Lüddeke et al. 2012b). Perillyl aldehyde, the product of 
GeoA, is further oxidized to perillic acid by the geranial dehydrogenase GeoB which is also involved 
in the myrcene degradation (Petasch et al. 2014). Its product, perillic acid, is likely activated by the 
ATP-dependent ligase GeoC to the corresponding CoA thioester. A cascade of oxidation reactions on 
the cyclohexene double bond by enzymes MrcF, MrcD and MrcE results in the formation of the 
acyclic intermediate 3-isopropenyl pimelyl-CoA, a suitable substrate for β-oxidation. Three acetyl-
CoA eliminations via β-oxidation yield the formation of the C4 compound methacrylyl-CoA, an 
intermediate of the valine degradation pathway. After further oxidation and decarboxylation, the 
product, propionyl-CoA, is incorporated into the tricarboxylic acid cycle via the methyl isocitrate 
cycle. 
The genome of C. defragrans 65Phen has recently been made available in public databases (NCBI 
HG916765) (Petasch et al. 2014). Its analysis revealed the existence of a 70 kb genetic island where 
several of the enzymes involved in monoterpene degradation are encoded. The island includes the 
genes for the linalool dehydratase/isomerase, the geraniol and geranial dehydrogenases, the perillate-
CoA ligase, the cyclic terpene metabolism cluster ctmABCDEFG and the monoterpene ring cleavage 
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cluster mrcABCDEFGH. Within the island several electron transfer proteins, proteins related to fatty 
acid metabolism and hypothetical proteins await for further characterization. 
1.4 Aims of the study 
Due to the versatility of its metabolism towards monoterpene substrates Castellaniella defragrans 
65Phen has become a model organism for the study of the anaerobic monoterpene degradation. The 
initial steps of the acyclic monoterpene metabolism and the complete mineralization of limonene, as 
representative for monocyclic substrates, have been elucidated (Harder and Marmulla 2017). Several 
bicyclic monoterpenes also support growth of C. defragrans in culture media. However, apart from 
isolated experiments, the physiology and enzymology of bicyclic monoterpene degradation has not 
been studied comprehensively. Therefore, the first aim of this study [Chapter II] was to elucidate the 
biochemistry of the bicyclic monoterpene metabolism. Based on the evidence gathered from 
proteomics analysis and experiments with deletion and transposon mutants we propose for the first 
time a mechanism for the anaerobic degradation of bicyclic monoterpenes. 
The molecular oxygen-independent hydroxylation of the allylic methyl group is the first step in 
limonene degradation in C. defragrans (Petasch et al. 2014). The functionalization of the molecule by 
the limonene dehydrogenase CtmAB enables its oxidation and ultimately facilitates its mineralization. 
In Chapter III we purified this enzyme to homogeneity from limonene-grown C. defragrans and 
characterized its catalytic properties. The heterologous expression of genes ctmA and ctmB showed 
only partial enzymatic activity. The wild-type enzyme showed several unique features within the 
family of the phytoene dehydrogenases (COG1233) and exhibited a wide substrate spectrum among 
monoterpene substrates. 
In addition to pure monoterpene hydrocarbons C. defragrans utilizes several monoterpene alcohols as 
growth substrates. Recently, growth on linalool of a mutant lacking the ldi gene suggested the 
existence of an alternative pathway for linalool degradation (Lüddeke et al. 2012a). Additionally, a 
linalool- and ATP-dependent formation of cyclic monoterpene dienes was detected in crude cell 
lysates of the same mutant (Marmulla 2015). Besides linalool C defragrans mineralizes the 
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monocyclic monoterpene alcohols α-terpineol and terpinen-4-ol whose fate we aimed to disclose. In 
this study we discovered a novel catalytic activity that uses α-terpineol and terpinen-4-ol as substrates. 
In Chapter IV we aimed for the purification of these two novel dehydratase activities acting on 
acyclic and monocyclic monoterpene alcohols. The reactions yield monocyclic monoterpene 
hydrocarbons as products which justifies the metabolic versatility of C. defragrans towards 
monoterpene substrates. 
Monoterpenes are known to be toxic to microorganisms. Due to their hydrophobicity they tend to 
accumulate in cellular membranes causing instability and loss of proton gradient. Tolerance 
mechanisms towards monoterpenes in C. defragrans include modification of the membrane 
composition and monoterpene biotransformation. Proteins of a putative efflux transporter were highly 
up-regulated in α-phellandrene-grown C. defragrans (Petasch et al. 2014). In Chapter V we aimed to 
investigate the role of this efflux transporter in monoterpene metabolism and tolerance. We 
characterized this novel component of the monoterpene metabolism by conducting bioinformatics 
analysis and growth and fluorometric experiments with the wild-type and a deletion mutant. 
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ABSTRACT 
The enzymatic functionalization of hydrocarbons is a central step in the global carbon cycle, initiating 
the mineralization of methane, isoprene and monoterpenes, the most abundant biologically produced 
hydrocarbons. A novel limonene dehydrogenase was purified from the facultative anaerobic 
betaproteobacterium Castellaniella defragrans 65Phen grown in the absence of molecular oxygen on 
monoterpenes under denitrifying conditions. The purified limonene:ferrocenium oxidoreductase 
activity was hydroxylating the methyl group of limonene (1-methyl-4-(1-methylethenyl)-
cyclohexene), yielding perillyl alcohol. The enzyme showed also a dithiothreitol:perillyl alcohol 
oxidoreductase activity, yielding limonene. Mass spectroscopy and molecular size determinations 
revealed a heterodimer of CtmA and CtmB. The two proteins had recently been identified as part of 
the cyclic terpene metabolism (ctm) and annotated as FAD-dependent oxidoreductases of the protein 
domain family phytoene dehydrogenases and related proteins (COG1233). CtmAB is the first 
heterodimeric enzyme in this family. Spectroscopy revealed that flavins in the purified enzyme are 
oxidized by ferrocenium and are reduced by limonene. Heterologously coexpression of both CtmAB 
in E. coli yielded a weak limonene dehydrogenase activity and a lack of the flavin cofactor in CtmA. 
Wild-type CtmAB oxidized a wide range of monocyclic monoterpenes containing the allylic methyl 
group motif (1-methyl-cyclohex-1-ene). These results identified CtmAB as hydroxylating limonene 
dehydrogenase, the first heteromer in a family of FAD-dependent dehydrogenases acting on allylic 
methylene or methyl CH-bonds. We suggest a placement in EC 1.17.99.7. 
INTRODUCTION 
Monoterpenes constitute a large and diverse group of hydrocarbons ubiquitous in nature. Over the 
years around 1000 individual monoterpene structures have been identified (1-3). These ten carbon 
atom compounds are mainly produced by plants as major components of essential oils (4). Minor 
amounts are also synthesized by insects and fungi (5,6). Monoterpenes are secondary metabolites 
which act principally as allelochemicals. Limonene (4-isopropenyl-1-methylcyclohex-1-ene, Fig. 1) is 
by far the most readily available monoterpene in nature. It is found as the main component of the 
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essential oils of citrus plants. Between 30,000 and 50,000 tons of limonene are extracted from natural 
sources per year, basically as a by-product of citrus juice processing (3,7). Due to its olfactory and 
well-known antimicrobial properties, it is often added to food, cosmetics and house-hold products 
(8,9). 
In the global carbon cycle, the large annual production of monoterpenes by plants is balanced by 
photooxidation and microbial mineralization. Aerobic bacteria use oxygenases to introduce a hydroxyl 
or epoxide group at different positions of limonene (10). In Mycobacterium sp. HXN-1500, 
Pseudomonas putida KT2440 and Geobacillus (ex Bacillus) stearothermophilus, a cytochrome P450 
monooxygenase hydroxylates the methyl group of limonene, yielding perillyl alcohol (11-13). 
Perillyl alcohol was also formed in an anaerobic bacterium as product of a limonene 
biotransformation. Castellaniella defragrans 65Phen, a denitrifying betaproteobacterium, uses a wide 
range of monoterpenes as sole substrate (14). Proteomic data and transposon mutants suggested a 
degradation pathway from limonene via perillyl alcohol and aldehyde to perillic acid. A deletion 
mutant in the putative perillyl aldehyde dehydrogenase revealed the co-metabolic formation of perillyl 
alcohol from limonene during growth on acetate. C. defragrans´ genome contains a gene cluster 
named cyclic terpene metabolism (ctm) in a genetic island coding for the majority of the monoterpene 
metabolism genes (14). Mutants with a transposon insertion in the genes ctmA, ctmB, or ctmE failed to 
grow on limonene, yet they grew on perillyl alcohol as efficiently as the wild-type. The gene cluster 
ctmABCDEFG codes for two presumably flavin-containing oxidoreductases, CtmA (CDM25290) and 
CtmB (CDM25289), and an electron transfer system consisting of a 2Fe-2S ferredoxin (CtmE) and a 
NADH:ferredoxin oxidoreductase (CtmF). These proteins were expressed in larger quantities in α-
phellandrene-grown cells, but none of the other putative proteins of unknown function (CtmCD, 
CtmG). CtmA and CtmB affiliate with COG1233 (phytoene dehydrogenase and related proteins), a 
group of flavoenzymes involved mainly in carotenoid biosynthesis. Members of this group act with 
electron acceptors with a positive reduction potential on the dehydrogenation of methylene groups in a 
diallylic motif - a hexa-1,5-diene moiety yields as oxidation product a hexa-1,3,5-triene structure - or 
an allylic methylene group yielding an alk-2,3-en-1-one motif. Structural information is available for 
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Table 1. Purification of the limonene dehydrogenase activity (detected as ferrocenium reductase 
activity) from soluble protein extracts of C. defragrans 65Phena. 
Purification step 
Total 
protein 
(mg) 
Total 
activity 
(pkat) 
Specific 
activity 
(pkat (mg 
protein)-1) 
Purification 
(n-fold) 
Protein 
yield 
(%) 
Dialyzed soluble extract 150 16200 108 1 100 
HICb 15.8 5799 367 3.4 10.5 
SECc 4.8 3605 751 6.9 3.2 
a tested at 28°C, purification started from 1.2 g of wet biomass of C. defragrans 65Phen 
b Hydrophobic interaction chromatography 
c Size exclusion chromatography 
Table 2. Purification of the perillyl alcohol reductase activity (detected as limonene formation 
activity) from soluble protein extracts of C. defragrans 65Phen. 
Purification step 
Total 
protein 
(mg) 
Total 
activity 
(pkat) 
Specific 
activity 
(pkat (mg 
protein)-1) 
Purification 
(n-fold) 
Protein 
yield 
(%) 
Dialyzed soluble extract 128 81 0.6 1 100 
HICa 18 42.5 2.4 4 14 
SECb 4.56 26 5.7 9.5 3.6 
a Hydrophobic Interaction Chromatography 
b Size Exclusion Chromatography 
The active fraction had an apparent molecular weight of 152 kDa in the size exclusion 
chromatography. A similar result was observed via dynamic light scattering (166.2 kDa). Denaturing 
polyacrylamide gels revealed two dominant bands, one at 59 and another at 57 kDa (Figure 2). 
MALDI-ToF mass analysis identified in the larger band of the SDS-PAGE as protein CtmB 
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(CDM25289, gene-based predicted mass 60.7 kDa), whereas the smaller band was identified as CtmA 
(CDM25290, 61.7 kDa). The N-terminal peptides of CtmA were not detected in the MALDI-ToF 
spectra. Hence, we characterized the purified CtmA by Edman degradation of the N-terminal amino 
acids of the protein. The sequence confirmed the predicted open reading frame. A posttranslational 
cleavage was not the cause for CtmA´s apparent smaller size in denaturing acrylamide gels. 
Catalytic properties of the limonene dehydrogenase – The purified native CtmAB had an optimum 
temperature for the photometric limonene dehydrogenase activity of 40°C (Figure S2), and at this 
temperature, its optimal pH ranged between 7.5 and 8.0 in potassium phosphate buffer (Figure S3). 
The kinetic parameters (KM and Vmax) were determined at the temperatures for optimal bacterial 
growth (28°C) and for optimal enzymatic activity (40°C) (Table 3). Limonene hydroxylation was 
faster than perillyl alcohol reduction. It also showed higher substrate affinity towards limonene (lower 
KM) which indicates that limonene hydroxylation is CtmAB’s physiologically relevant reaction. 
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Table 3. Catalytic features of the limonene dehydrogenase purified from C. defragrans 65Phen at 
28°C and 40°C. All reactions contained 100 µg of purified protein. Limonene dehydrogenase activity 
was measured using 10 – 1000 µM limonene and with ferrocenium hexafluorophosphate (200 µM) as 
electron acceptor. Perillyl alcohol reduction used dithiothreitol (2 mM) as electron donor and 0.5 to 10 
mM perillyl alcohol as electron acceptor. The reactions were started by the addition of the 
monoterpenes pre-dissolved in Tween 20-containing buffer. 
Temperature Parameter 
Limonene 
dehydrogenase 
activity 
Perillyl alcohol 
reductase 
activity 
28°C 
KM [µM] 18 ± 2 392 ± 0 
Vmax [pkat mg-1] 708 ± 31 1.7 ± 0.1 
kcat/KM [M-1 s-1] (47 ± 5.6) x103 5.3 ± 0.3 
40°C 
KM [µM] 43 ± 9 487 ± 74 
Vmax [pkat mg-1] 2,260 ± 0 4.1 ± 0.1 
kcat/KM [M-1 s-1] (63 ± 13) x103 10.3 ± 1.6 
CtmAB did not used molecular oxygen as electron acceptor. The presence of molecular oxygen in the 
reaction cuvette caused a 40% reduction on specific activity (from 1099 ± 22 to 589 ± 50 pkat (mg 
protein)-1). The reestablishment of the anoxic conditions restored the specific activity to 993 ± 9 pkat 
(mg protein)-1. 
Substrate spectrum – Several monoterpenes and analogous compounds were tested as substrates in the 
photometric limonene dehydrogenase assay (Figure 3). Monocyclic monoterpenes were oxidized with 
high specific activities, irrespective of the presence and position of a second double bond in the 
cyclohexene ring or in the isopropyl substituent. The loss of the allylic character of the methyl group 
correlated with inactivity of the enzyme, as demonstrated with isolimonene which does not promote 
growth of C. defragrans (17). The p-isopropyl group as structural element likely increases the 
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The identity was verified by MALDI-ToF analysis. The overexpressed protein(s) formed inclusion 
bodies even by induction at low temperatures, low cellular densities and low IPTG concentration 
(Figure S4B). Small enzyme activities were recovered in the soluble fraction after cell lysis. The 
forward limonene dehydrogenase activity was exclusively detected in soluble extracts containing 
coexpressed CtmA and CtmB (31 pkat (mg protein)-1). The reverse reaction, the perillyl alcohol 
reduction, was catalyzed by all genetic constructs at similar reaction rates (coexpressed CtmA and 
CtmB: 330.1 ± 110 fkat (mg protein)-1; CtmA: 303 ± 42 fkat (mg protein)-1 and CtmB 280 ± 20 fkat 
(mg protein)-1). A mixture of expressed and purified CtmA with expressed and purified CtmB did not 
recover the limonene dehydrogenase activity, only the perillyl alcohol reductase activity was observed. 
Several detergents were tested to reactivate fractions with inclusion bodies, but these experiments 
failed to recover detectable catalytic activity. 
Spectroscopic properties and FAD content – Purified native limonene dehydrogenase had no 
absorption bands except the ones of aromatic amino acids (Figure 4). Upon addition of ferrocenium 
ions, the typical absorption spectrum of an oxidized flavin appeared with characteristic maxima at 365 
and 465 nm. The peak at 620nm was also observed in solutions of ferrocenium hexafluorophosphate 
(100-200 µM) without enzyme addition. This corresponds to the maximum absorption wavelength for 
ferrocenium in the visible range of the spectrum (18). Limonene addition to the oxidized protein 
initiated a gradual decrease of the flavin absorbance. In this experiment, nearly 40% of CtmAB were 
oxidized by addition of ferrocenium ions using the model of a heterodimer CtmAB and the extinction 
coefficient of free FAD (ε450: 11,300 M-1 cm-1 (19)). 
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Figure 4. UV-visible spectrum of the native limonene dehydrogenase. Spectra of CtmAB purified 
under anaerobic conditions from C. defragrans (12.5 μM, (trace 6)), after oxidation with 100 µM 
ferrocenium hexafluorophosphate (1), followed by reduction with 50 µM limonene for 0 min (2), 2 
min (3), 10 min (4) and 20 min (5). An absorption peak at 620 nm was also observed in a blank 
without enzyme containing 100 µM ferrocenium hexafluorophosphate in 10 mM phosphate buffer pH: 
8.0 (discontinuous trace).The experiment was conducted under strict anaerobic conditions in 
phosphate buffer (pH: 8.0) at 21°C. 
A spectrophotometric analysis of flavin released from heat-treated protein was used for quantifying the 
flavin content in CtmAB as described by Aliverti et al. (19). The native CtmAB as well as the 
heterologously expressed CtmAB contained 0.74 moles of flavin per heterodimer (based on a 
molecular mass of 122.4 kDa). The individual expression of ctmA and ctmB in E. coli resulted in a 
flavin content of 0.05 moles flavin per mol of CtmA and 0.6 moles flavin per mol of CtmB. 
Flavin extraction by tricholoroacetic acid denaturation of protein resulted in a yellow precipitate and 
no flavin in the supernatant. This finding suggested a covalent association between the flavin cofactor 
and the protein and hence an underestimation of the flavin content by the aforementioned heat 
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CtmA (Cys495 and Cys508) and CtmB (Cys488 and Cys501) are indicated by an asterisk. The 
alignment was prepared with Clustal O (25). The structural features were predicted using Phyre2 and 
3DLigandSite (23,27). 
Sequence identities between the query proteins (CtmA and CtmB) and the aligned phytoene 
dehydrogenases ranged between 20 and 28%. Identical amino acids present in the six aligned 
sequences accounted for 3% (blue-shaded residues in Figure 6). Residues with similar properties 
accounted for another 11% (grey-shaded). Despite the low overall sequence similarity, all six proteins 
showed a highly conserved N-terminus. This region contains the GxGxxG motif which forms 
hydrogen bonds with the phosphate groups of FAD in COG1233 proteins (24,28). Three additional 
putative FAD-interacting regions were predicted in CtmA and CtmB (underlined red in Figure 6). 
Altogether these protein sections configure a hypothetical FAD-binding domain, resembling the ones 
present in NdCrtD and CrtI (15,24). A pair of cysteines localized within the FAD-binding region near 
the proteins’ C-terminus are not conserved in the other enzymes of COG1233, suggesting a specific 
role of the amino acids in the oxidation of limonene. Apart from FAD-binding domains, two 
additional domains were predicted: a substrate-binding domain (underlined orange in Figure 6) and a 
non-conserved helical domain (underlined orange). 
DISCUSSION 
The purification of the limonene:ferrocenium oxidoreductase activity resulted in the isolation of CtmA 
and CtmB. This concurs with conclusions of previous physiological studies with different transposon 
and deletion mutants (14). CtmA and CtmB belong to the FAD-dependent oxidoreductases related to 
the phytoene dehydrogenases (COG1233) (20). The latter proteins attack allylic methyl and methylene 
groups, CH3- and CH2-groups adjacent to a carbon-carbon double bond. Amongst the products of 
phytoene dehydrogenases are carbon-carbon double bonds, aldehydes and ketones (15,16,26). 
Similarly, the purified CtmAB showed dehydrogenase activity exclusively on monoterpenes carrying 
an allylic methyl group. In the case of R-(+)-limonene and S-(-)-limonene, such dehydrogenation 
resulted in the formation of the respective enantiomeric form of perillyl alcohol. 
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Three dimensional modeling and a multi-sequence alignment indicated that CtmA and CtmB have 
domain architectures typical of COG1233 proteins. Like other members of the cluster, CtmA and 
CtmB bear each an FAD-binding domain, a non-conserved helical domain and a putative substrate-
binding domain. An atypical finding in the limonene dehydrogenase was the detection of tightly bound 
flavin in CtmA and CtmB from C. defragrans. So far, we have no molecular evidence for a covalent 
binding of FAD to the protein. Until now, COG1233 proteins were reported to carry an FAD that 
dissociated either during purification, heat-treatments or acid protein precipitations (15,20,29,30). In 
CtmAB, only a portion of the flavins is released by heat treatment and the detection of 
autofluorescence in denaturing protein gels suggest a covalent bond to the protein. A lack of flavin 
incorporation during heterologous expression, here CtmA, has also been observed for the phytoene 
desaturase of Myxococcus xanthus, where 0.5 mol FAD was detected per mol of protein (20). Hence, 
the heterologous expression of some COG1233 proteins in E. coli seems to be accompanied by an 
incomplete incorporation of FAD molecules.  
The catalytic efficiency of the wild-type enzyme for limonene oxidation (Table 3) strongly suggests 
that the limonene dehydrogenase activity is the physiologically relevant reaction. The reverse reaction, 
the perillyl alcohol reductase activity was observed in apo-flavin CtmA at rates comparable to those of 
the overexpressed CtmB and the coexpressed CtmA and CtmB. These observations indicate that 
perillyl alcohol reduction is an FAD-independent reaction. With dithiothreitol as electron donor, the 
cysteine residues in the C-terminal FAD-binding domain may transfer the reducing equivalents. 
Besides the flavin binding, the heteromeric character of the limonene dehydrogenase is unusual. It is 
the first reported heteromer within the COG1233 enzymes, likely a heterodimer. So far only 
monomers or homodimers had been identified. In general, phytoene desaturases share a central non-
conserved helical domain. In most cases this region is appointed as responsible for a monotopic 
membrane association (15,24,31); however it may also serve in CtmA and CtmB as a surface for 
dimer interaction. 
Ferrocenium ions substitute in enzyme assays for the natural electron acceptor for the re-oxidation of 
the covalently bound FAD (Figure 7). We suggest that the completely oxidized FAD accepts a hydride 
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from limonene. This initial hydride transfer is also postulated for other COG1233 enzymes 
(16,24,32,33). The reaction results in the formation of an allyl cation in which the positive charge is 
stabilized by delocalization over the allylic moiety. The lack of activity on isolimonene demonstrates 
the necessity for an allylic alkene bond for this process. The stabilized carbocation is then expected to 
react with water accompanied by a proton transfer, yielding the corresponding alcohol. Structurally 
related phytoene desaturases utilize electron acceptors which like ferrocenium have positive reduction 
potentials, i.e. molecular oxygen or benzoquinone (15,24). In C. defragrans, the genes for CtmAB are 
clustered with genes coding for electron transfer flavoproteins (CDM25301 and CDM25302). Electron 
transfer flavoproteins (ETFs) are heterodimeric proteins that transfer reducing equivalents in single-
electron steps to the quinone pool via a flavoprotein:ubiquinone oxidoreductase (34). Thus, single 
electrons may be transferred from CtmAB via ETFs to a flavoprotein:ubiquinone oxidoreductase 
(NCBI: CDM23589) as entrance point to the respiratory chain ending in denitrification. The 
oxidoreductase CDM23589 was identified by transposon mutagenesis as essential for the cyclic 
monoterpene degradation (14). 
 
 
Figure 7. Proposed reaction mechanism of the limonene dehydrogenase CtmAB in vitro. The 
enzyme in its oxidized state (E-FAD) is reduced (E-FADH-) by removing a hydride from limonene 
forming a perillyl carbocation. The cation is stabilized by water addition yielding perillyl alcohol. The 
enzyme is reoxidized by two molecules of the one-electron acceptor ferrocenium hexafluorophosphate 
(FHP). 
OH
CH2
+
E-FAD E-FADH-
2x FHP + H+ 2x FHP1+
H2O H
+
limonene perillyl cation perillyl alcohol
CtmAB CtmAB
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The hydroxylating limonene dehydrogenase affiliates with the enzyme class 1.17.99, collecting all 
oxidoreductases acting on CH- or CH2-groups with unknown physiological electron acceptors. This 
class includes other key enzymes of the anaerobic hydrocarbon metabolism which use water rather 
than molecular oxygen as cosubstrate for the CH-activation. Examples include the ethylbenzene and 
cholesterol hydrolases, two molybdenum-dependent enzymes (35-37). Another well characterized 
member of the group is the p-cresol methylhydroxylase, a flavocytochrome c enzyme containing one 
FAD and two hemes. It hydroxylates p-cresol to 4-hydroxybenzyl alcohol which is then further 
oxidized to 4-hydroxybenzaldehyde with phenanzine as in vitro electron acceptor (38,39). We propose 
for the limonene dehydrogenase – CtmAB - a placement in EC 1.17.99.7. 
EXPERIMENTAL PROCEDURES 
Cultivation - C. defragrans 65Phen was cultivated in a 10L fermenter with anaerobic artificial 
fresh water medium (AFW) as previously described (40). Carbonate buffer was replaced by 10 mM 
K2HPO4 (pH: 7.2). Vitamin addition was omitted and nitrogen was used as headspace gas. (R)-(+)-
limonene (>97% purity, Sigma-Aldrich, Germany) was directly added to the medium to a final 
concentration of 30 mM in the aqueous phase, a virtual concentration describing the two phase system. 
The fermenter was inoculated with 1 liter of a freshly grown culture, incubated at 28°C and stirred at 
150 rpm. After 6 to 7 days (OD600nm ≈ 1.9), the cells were harvested by centrifugation at 16000x g and 
4°C for 40 min. The biomass was resuspended in a threefold volume of 25 mM potassium phosphate 
buffer, pH 8.0, prior to disruption by three passages through a French pressure cell press (SLM 
Aminco, Rochester, N.Y.) at 8.6 MPa. Ultracentrifugation at 230000x g for 30 min at 4°C yielded a 
soluble protein fraction. 
Heterologous expression - The putative limonene dehydrogenase genes ctmA and ctmB were 
PCR-amplified from genomic DNA of C. defragrans 65Phen using the primer pairs ctmA_NdeI_F 
(TATCATATGGCAAATCCGAAAAGCGA), ctmA_SalI_R 
(AAAGTCGACTCAATCGACACTGGTCCGTCGT) and ctmB_NdeI_F 
(TAACATATGTCTGAAGTCAAACAATG), ctmB_SalI_R 
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(TAAGTCGACTCATAGGAGGAGCCCCTTTT). The amplicon ctmAB for the coexpression of both 
genes was obtained using the primer pair ctmA_NdeI_F and ctmB_SalI_R. All three amplicons were 
ligated into the vector pET-42a(+) (Novagen, Merck KGaA, Darmstadt, Germany), and subsequently 
transformed into E. coli BL21 Star (DE3) (Invitrogen, Karlsruhe, Germany). The correctness of the 
genetic constructs was verified by sequencing using the BigDye Terminator v3.1Cycle Sequencing Kit 
(Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA). For protein expression, 
300 mL of LB (Luria-Bertani) medium supplemented with kanamycin (30 µg/mL) were inoculated 
with 3 mL of an overnight culture and incubated under constant shaking (150 rpm) at 37°C until an 
optical density at 600 nm of 0.1 was reached. The cultures were cooled down to 18°C prior to the 
addition of 20 µM riboflavin (vitamin B2) and 50 µM IPTG. The cultures were further incubated for 4 
h at 18°C. The biomass was harvested and disrupted as described above for C. defragrans 65Phen. For 
solubilization of inclusion bodies, pelleted fractions were anoxically incubated with 0.5% Triton X-
100, 1% sodium deoxycholate or 0.2% N-lauroyl sarcosine as previously described (41). 
Enzyme purification - Protein purification was performed in an ÄKTA LC system (GE 
Healthcare, Freiburg, Germany) installed in an anaerobic chamber at 4°C. The first purification step 
was a hydrophobic interaction chromatography on a phenyl-sepharose column (20 mL volume, 2.6 cm 
diameter). The soluble extract received concentrated salt solutions to final concentrations of 75 mM 
potassium phosphate, 60 mM ammonium sulfate and 20 mM potassium chloride, pH 8.0. This was 
also the starting buffer. This optimized buffer composition guaranteed protein stability and column 
binding. The protein eluted using 10 mM potassium phosphate, pH 8.0. The active fractions were 
concentrated with a centrifugation filter (Amicon Ultra 15 mL, 10 kDa, Merck Millipore, Darmstadt, 
Germany) and further purified on a Superdex 200 column (120 mL volume, 1.6 cm diameter) 
equilibrated with 10 mM potassium phosphate, pH 8.0. The fractions with limonene dehydrogenase 
activity were pooled and used for enzymatic activity measurements. 
Enzyme activity - Continuous and end-point analyses were used for measuring the reversible 
oxidation of limonene in protein extracts. All assays were prepared inside an anaerobic chamber at 
4°C. To facilitate monoterpene availability in the aqueous phase, these were dissolved in 10 mM 
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K2HPO4, pH 8.0, containing 2.5% v/v Tween 20. The final content of Tween 20 in the assays was 
0.5% v/v.  
Limonene oxidation (forward reaction) was assayed spectrophotometrically in 1 mL quartz cuvettes. A 
typical reaction contained in a 1mL-volume 100 - 200 µg protein, 200 µM ferrocenium 
hexafluorophosphate and limonene (10 µM – 1000 µM) in 10 mM phosphate buffer, pH 8.0. The 
reaction was started with the addition of the monoterpene-containing buffer and proceeded at either 
28°C or 40°C. The absorption decrease of the ferrocenium ion was followed at 290 nm (Δε = 7,100 M-
1 cm-1). The molar extinction coefficient of ferrocenium was calculated from a calibration curve 
prepared in phosphate buffer 10 mM, pH 8.0 (y=0.0071x; R2=0.9916). Limonene consumption and 
perillyl alcohol formation were monitored by gas chromatography. For this, 200 µL of n-hexane were 
added to each sample and vortexed for 30 seconds. After 10 minutes shaking at 60 rpm, the samples 
were centrifuged at 13000x g for 10 min for complete phase separation. 1 µL of the organic phase was 
analyzed in a gas chromatography coupled to a flame ionization detector (Perkin Elmer Auto System 
XL, Überlingen, Germany). Analyte separation was performed on an Optima-5 column (50 m x 0.32 
mm x 0.25 μm; Macherey-Nagel, Düren, Germany) with an injection port temperature of 250°C, a 
detection temperature of 350°C, and the following column program: an initial column temperature of 
40°C for 2 min, increasing to 100°C with a rate at 4°C min-1, staying constant for 0.1 min, further 
increasing to 320 °C at 45°C min-1 and finally a constant temperature for 3 min. The split ratio was 
1:9. All concentrations refer to the aqueous phase. For analyte quantification, calibration curves with 
authentic standards were prepared. For stereospecific GC analysis, 1 µL of sample was separated on a 
Hydrodex-β-6TBDM column (25 m x 0.25 mm; Macherey-Nagel, Düren, Germany) by the program: 
injection temperature of 200°C; flame ionization detection temperature of 230°C, the column 
temperature was 80°C for 1 min, increasing to 130°C at a rate of 5 °C min-1, after 0.5 min further 
increasing to 230°C at 20°C min-1 and stationary for 2 min. 
Perillyl alcohol reductase activity, the physiologically reverse reaction, was tested in 1 mL reactions 
containing 100 – 200 µg protein, 2 mM dithiothreithol (DTT) and perillyl alcohol (0.5 - 10 mM). 
Reactions were performed in 3 mL glass vials closed with a butyl rubber septum. Incubation took 
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place at 28 and 40°C for 4h. Limonene formation was extracted with hexane and quantified by gas 
chromatography as described above. 
Optimal conditions such as protein concentration, temperature, incubation time and pH were 
determined for forward and reverse reactions. The pH optimum was tested using several buffers with 
pH values adjusted near their specific pKa at 37°C in a range of 4 to 10 (50 mM sodium citrate pH 4 - 
6; 25 mM potassium phosphate pH 6 - 8; 25 mM Tris pH 7.5 - 8.5; 50 mM glycine/HCl pH 9 - 10). 
Analytical methods - Proteins were quantified according to Bradford (42) with bovine serum albumin 
as standard and visualized in 10-12% v/v acrylamide SDS-PAGE stained with Coomassie blue (43). 
For protein analysis by mass spectroscopy, bands from SDS-PAGE were excised, in-gel-digested with 
trypsin and analyzed on a 4800 MALDI-TOF/TOF Analyzer (Applied Biosystems, Darmstadt, 
Germany). Additionally, CtmAB purified from C. defragrans was subjected to in-solution tryptic 
digestion, separated in a reversed phase C18 column on a nano ACQUITY-UPLC (Waters 
Corporation, Milford, MA, USA) and analyzed on a LTQ-Orbitrap Classic mass spectrometer 
equipped with an ESI ion source (Thermo Fisher Scientific Inc., Waltham, MA, USA). For protein 
identification the mass spectra were analyzed against a protein database from Castellaniella 
defragrans using the Mascot search engine ver. 2.4.0 (Matrix Science Ltd. London, UK). For 
posttranslational modifications the spectra were searched against the parent amino acid sequences of 
proteins CtmA and CtmB allowing FMN- and FAD-flavinylation in all amino acid residues using 
Sequest ver.27, rev. 11 (Thermo Fisher Scientific Inc.). The N terminus of native CtmA was 
sequenced by Edman degradation (Proteome Factory AG, Berlin, Germany) after one dimensional 
separation by SDS-PAGE and a semi-dry blotting onto a polyvinylidene difluoride (PVDF) 
membrane. In-gel fluorescence was recorded prior to Coomassie blue staining. The denaturing-
polyacrylimide gels were immersed in 10% acetic acid for 10 min. Fluorescence was recorded on a 
Typhoon 9400 (GE Healthcare, Freiburg, Germany) with an excitation at 457 nm and emission at 526 
nm. Protein absorption spectra were recorded using a DU 600 UV/VIS spectrophotometer (Beckman 
Coulter, Krefeld, Germany). FAD was extracted and quantified as described by Aliverti et al. (18). 
The molecular mass of the enzyme was estimated on a Superdex 200 column (120 mL, 1.6 cm 
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diameter) using thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), 
albumin (66.3 kDa), ovalbumin (46 kDa), chymotrypsinogen A (25 kDa) and ribonuclease A (13,7 
kDa) as standards. An additional molecular mass determination was conducted by dynamic light 
scattering on a DynaPro Plate Reader II (Wyatt Technology Corp., Santa Barbara, CA) at 21°C as 
indicated by the manufacturer. 
All results in this contribution are reported as the average of triplicate measurements plus minus the 
standard deviation of the mean. 
Bioinformatics analyses -Nucleotide and amino acid database searches were carried out with NCBI 
BLAST (44). Three dimensional protein modeling was conducted with Phyre2 (23) and 3DLigandSite 
(27). The amino acid sequence alignment was prepared with Clustal Omega (25). Subcellular 
localization of the proteins was predicted using TMHMM Server v. 2.0 and PSORTb v3.0.2 (21,22). 
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Figure S1. Enantiomeric gas chromatography of monoterpenes extracted after incubation with 
0.8µM limonene dehydrogenase. Reactions were carried out at 40°C and contained: 100 µg of 
purified protein, 200 µM ferrocenium hexafluorophosphate and 1 mM of R-(+)-limonene (peak 1) and 
S-(-)-limonene (peak 3) pre-dissolved in Tween 20-containing buffer. Peak 2 corresponds to R-(+)-
perillyl alcohol. Peak 4 corresponds to S-(-)-perillyl alcohol. 
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Figure S2. Limonene dehydrogenase activity as function of temperature. The reactions contained 
100 µg of purified protein, 100 µM limonene and 200 µM ferrocenium hexafluorophosphate. 
 
Figure S3. Limonene dehydrogenase activity as function of pH at 40°C. The reactions contained 
100 µg of purified protein, 100 µM limonene and 200 µM ferrocenium hexafluorophosphate. The 
following buffers were used: ●, sodium citrate (50 mM; pH 4 – 6); ■, potassium phosphate (25 mM, 
pH 6.5 – 8); ◊, Tris-Cl (25 mM, pH 7 – 8.5); ▲, glycine/HCl (50 mM, pH 9 – 10). 
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Abstract 
Castellaniella defragrans utilizes several monoterpenes as sole carbon and energy source under 
denitrifying conditions. The oxidation of the acyclic monoterpene alcohol linalool to geranic acid is 
catalyzed by linalool dehydratase/isomerase, and geraniol and geranial dehydrogenases. However, 
recent studies suggested an alternative pathway for the complete linalool mineralization, involving an 
ATP-dependent cyclization reaction yielding monocyclic dienes as products. In this study, we report 
the partial purification of a novel linalool-dependent monoterpene cyclase. In addition, an alcohol 
dehydratase activity acting on α-terpineol and terpinen-4-ol and producing monocyclic dienes was 
observed and partially purified. All three biotransformations required magnesium ions and ATP. The 
advantage for C. defragrans is twofold: non-functionalized monoterpenes are less toxic than the 
monoterpene alcohols, and the transformation products are intermediates of the monoterpene 
degradation pathway. 
Introduction  
The betaproteobacterium Castellaniella (ex-Alcaligenes) defragrans 65Phen mineralizes several 
monoterpenes under anaerobic denitrifying conditions (Foss et al. 1998). Monoterpene alcohols such 
as the acyclic linalool and the monocyclic α-terpineol, terpinene-4-ol and perillyl alcohol all support 
C. defragrans’s growth using nitrate as electron acceptor. The enzymes linalool dehydratase/isomerase 
(Ldi) (EC 5.4.4.4, EC 4.2.1.127) and the geraniol and geranial dehydrogenases catalyze the successive 
oxidation of linalool over geranial to geranic acid (Brodkorb et al. 2010; Lüddeke et al. 2012a; 
Lüddeke and Harder 2011). The latter two enzymes also catalyze the biotransformation of perillyl 
alcohol over perillyl aldehyde to perillic acid (Harder and Marmulla 2017; Petasch et al. 2014). A 
mutant of C. defragrans lacking the ldi gene showed growth on linalool, but not on geraniol or geranic 
acid suggesting the existence of an alternative pathway for linalool degradation (Lüddeke et al. 
2012a). More recently, an ATP-dependent biotransformation of linalool into monocyclic 
monoterpenes was observed in cell lysates of C. defragrans 65Phen Δldi (Marmulla 2015), denoting a 
link between the acyclic and monocyclic monoterpene degradation. 
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Up to date, the biochemistry of the utilization of α-terpineol and terpinen-4-ol has not been 
investigated in C. defragrans. As it is the case for other monoterpenes, the biotransformation of 
monoterpene alcohols has mainly been reported in aerobic organisms in which mono- and di-
oxygenases are involved (Ilc et al. 2016; Marmulla and Harder 2014; Misra et al. 1996). The 
dehydration of α-terpineol to terpinolene has been proposed to occur in cultures of Pseudomonas 
aeruginosa and Thauera terpenica (Hylemon and Harder 1998; Tadasa et al. 1976), however without 
further follow-up research. In this study, we report the discovery of the anaerobic dehydration of α-
terpineol and terpinen-4-ol in C. defragrans yielding monocyclic monoterpene dienes as products. We 
attempted the purification and identification of this newly discovered catalytic activity and that of the 
linalool-depending monoterpene synthase. The characterization of these novel biocatalysts is crucial to 
fully understand the anaerobic monoterpene degradation in C. defragrans as well as for future 
biotechnological applications. 
Materials and methods 
Cultivation conditions and preparation of protein extracts 
C. defragrans 65Phen and a C. defragrans 65Phen Δldi mutant were cultivated in anaerobic artificial 
fresh water medium as described previously (Petasch et al. 2014). For biomass production cultivation 
in a 10L fermenter (Biostat Bplus 10LMO, Sartorius AG, Gӧttingen, Germany) was conducted as 
described (Heyen and Harder 2000). Cultivation of the wild-type strain had a liquid hydrophobic 
phase of (R)-(+)-limonene (>97% purity, Sigma-Aldrich, Germany) corresponding to a theoretical 
concentration of 30 mM in the aqueous phase. Cultures of C. defragrans Δldi were grown on linalool 
(>97% purity, Sigma-Aldrich, Germany) as carbon source. To circumvent linalool toxicity, the 
fermenter was supplied every two days with 0.5 – 1 mM of the monoterpene. Once the cultures 
reached late exponential phase (OD600 for limonene-grown ~2; linalool-grown ~0.7), the biomass was 
harvested by centrifugation (16000x g for 40 min at 4°C). The pelleted biomass was shock-frozen in 
liquid nitrogen and stored at -80°C. For protein extraction, the biomass was resuspended in a two-fold 
volume of 25 mM Tris-Cl buffer, pH 7.5, allowed to thaw at room temperature and disrupted by three 
passages on either a French pressure cell press (SLM Aminco, Rochester, N.Y.) at 8.6 MPa or a One-
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Shot cell disrupter (Constant Systems Ltd., Daventry, GB) set at 1.5 kbar. A soluble protein extract 
was prepared by ultracentrifugation of the crude lysate at 230,000x g for 30 min at 4°C. 
Protein purification 
Protein purification was performed with an ÄKTA LC system (GE Healthcare, Freiburg, Germany) at 
4°C. All buffers were prepared and pH-adjusted at room temperature. When needed, salinity of protein 
solutions was adjusted to the chromatography buffer. Eluting proteins were collected in 1 mL fractions 
and directly used for enzyme assays or frozen in liquid nitrogen. Protein purity was followed by SDS-
PAGE. For size exclusion chromatography, soluble proteins were loaded onto a Superdex 200-pg 
column (120 mL volume, 1.6 cm diameter) equilibrated with 25 mM Tris-Cl, 100 mM KCl, pH 7.5. 
Protein fractionation took place at a constant flow of 0.5 mL min-1. The apparent molecular size of 
active proteins was calculated from calibration curves prepared with commercial gel filtration 
standards (Bio-Rad Laboratories GmbH, Munich, Germany). Anion exchange chromatography (AEC) 
was carried out on a diethylaminoethyl sepharose column (1.6 x 7 cm; column volume (CV): 14 mL) 
equilibrated with 25 mM Tris-Cl, pH 7.5. Unbound proteins were collected in the flow-through and 
tested for activity as a single fraction. Column-bound proteins were separated over a KCl gradient 
increasing from 0 to 300 mM. For the linalool-dependent activity such gradient was applied over a 
volume of 70 mL (5 CV), while the α-terpineol/terpinene-4-ol-dependent activity was fractionated 
over 300 mL (21 CV). Tightly-bound proteins, which eluted after increasing KCl from 300 mM to 
1000 mM in a single step, were collected as a single fraction and tested for enzyme activity. For 
hydrophobic interaction chromatography (HIC) a butyl sepharose column (HiScreen Butyl FF, CV: 
4.7 mL) was used. The column was equilibrated with 1 M NH4(SO4)2 in 25 mM Tris-Cl, pH 7.5. 
Proteins were fractionated over a 94 mL (20 CV) gradient of ammonium sulfate from 1000 – 0 mM. 
Enzyme activity assays 
Enzyme assays were performed in 1.5 mL glass vials (WICOM Germany GmbH, Heppenheim, 
Germany) closed with a lid and a Teflon-coated septum. Standard assays contained 10 mM ATP, 15 
mM Mg2+, 2 mM dithiothreitol (DTT) dissolved in 25 mM Tris-Cl, pH 7.5 in a final volume of 500 
µL. Whole protein assays (cell lysates, resuspended pellets or soluble protein extracts) contained 2.5 
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mg protein. Assays with partially purified proteins contained between 0.1 and 0.3 mg protein. The 
reactions were started by the addition of 5 mM of monoterpene substrate dissolved in 25 mM Tris-Cl, 
pH: 7.5 containing 0.5% v/v Tween-20. Final concentration of Tween-20 in the assays was 0.1%. The 
assays were conducted in anoxic conditions and incubated at 28°C for 2 – 3 hours. After incubation, 
200 µL of n-hexane were added to each assay, vortexed for 30 seconds and further incubated under 
constant shaking at 60 rpm for 10 minutes. Then the samples were centrifuged at 13,000x g for 10 min 
for phase separation. 1 µL of the organic phase was analyzed by gas chromatography with flame 
ionization detection (Perkin Elmer Auto System XL, Überlingen, Germany) on an Optima-5 column 
(50 m x 0.32 mm inner diameter, 0.25 μm film thickness; Macherey-Nagel, Düren, Germany). The 
temperature program comprised: injection port at 250°C, initial column temperature of 80°C for 2 min, 
increasing to 120°C with a rate at 4°C min-1, 120°C for 0.1 min, increasing to 320 °C at 45°C min-1, 
320°C for 2.9 min. The detector was set at 350°C. The split ratio was set to 1:9. All reported 
concentrations refer to the aqueous phase. Analyte concentrations were calculated from calibration 
curves prepared with authentic standards. 
Analytical methods 
Proteins were quantified using the Bradford method (Bradford 1976) with bovine serum albumin as 
standard and visualized by SDS-PAGE (10% v/v acrylamide) stained with Coomassie blue (Laemmli 
1970). For protein mass spectroscopy, either bands excised from SDS-PAGE or liquid protein 
fractions were trypsin-digested and analyzed on a Q Exactive Plus Hybrid Quadrupole-Orbitrap mass 
spectrometer (Thermo Fisher Scientific, Bremen, Germany). Mass spectra of digested peptides were 
analyzed with Proteome Discoverer v2.1 (Thermo Fisher Scientific). 
Results 
Partial purification of a novel linalool-dependent monoterpene cyclase 
A novel catalytic activity acting on the acyclic monoterpene linalool was recently observed in protein 
extracts of C. defragrans 65Phen Δldi (Marmulla 2015). This ATP-dependent biotransformation 
resulted in the formation of the monocyclic monoterpenes α-terpinene and terpinolene under anoxic 
conditions. To further characterize this monoterpene synthase-like activity, soluble protein extracts of 
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linalool-grown C. defragrans Δldi were prepared by cell disruption and ultracentrifugation. In enzyme 
assays, soluble extracts exhibited a linalool-dependent α-terpinene-synthase activity of 10 pkat mg-1 
and a terpinolene-synthase activity of 10.4 pkat mg-1 using Mg2+ and ATP as co-substrates (Table 1). 
Catalytic activity was also observed in resuspended ultracentrifugation pellets, which transformed 
linalool exclusively into α-terpinene (9.1 pkat mg-1). In order to purify the enzymatic activity, soluble 
protein extracts were subjected to protein liquid chromatography. Attempts of purification with butyl 
and phenyl sepharose columns resulted in total loss of activity, while with a weak anion exchanger 
(AEC) only terpinolene synthase activity was recovered (data not shown). The use of size exclusion 
chromatography (SEC) as first purification step allowed the recovery of both monoterpene synthase 
activities (α-terpinene- and terpinolene-forming), although they overlapped almost completely over 
several fractions of the gel filtration (Figure S1). The fractions with the highest activity for α-terpinene 
and terpinolene production were combined into two separate pools (P1 and P2, respectively). The 
elution volume from the SEC column for P1 corresponds to a molecular size of 314 kDa and of 172 
kDa for P2. Both pools were tested for catalytic activity. P1 showed an increase both in α-terpinene 
and in terpinolene synthase activity with respect to the soluble extract (Table 1). P2 showed increase 
only in terpinolene synthesis and no detectable α-terpinene production (Table S1). Both pools were 
independently loaded onto an AEC column and fractionated over a KCl gradient (Figure S2, Figure 
S3). AEC fractions of P1 showed overlapping α-terpinene and terpinolene synthesis from protein 
eluting between 150 and 200 mM of KCl. In these the specific activity showed a higher increase in the 
production of terpinolene than of α-terpinene (Table 1). For subsample P2, a significant enrichment in 
terpinolene synthase activity was observed after conducting AEC (Table S1). The catalytic proteins 
from P2 eluted from the AEC column within the same KCl concentration range as the active fractions 
of P1 (Figure S3). 
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Table 1. Partial purification of linalool-dependent α-terpinene and terpinolene synthase 
activities using protein extracts from C. defragrans 65Phen Δldi grown on linalool. 
Purification 
level 
Protein 
[mg] 
α-terpinene synthase  terpinolene synthase Protein 
yield 
[%] 
Total 
activity  
[pkat] 
Specific 
activity 
[pkat mg-1] 
Relative 
specific 
activity 
 Total 
activity 
[pkat] 
Specific 
activity 
[pkat mg-1] 
Relative 
specific 
activity 
SE 227 2269 10 1  2365 10.4 1 100 
SEC          
Pool 1 [P1] 43.5 650 14.9 1.49  699 16.1 1.54 19.2 
AEC [KCl mM]          
128 0.24 0 0 0  3.86 16.1 1.55 0.11 
145 0.37 4.86 13.2 1.32  25.7 70.0 6.72 0.16 
163 0.45 3.95 8.77 0.88  11.4 25.4 2.44 0.20 
180 0.53 5.8 10.92 1.09  7.48 14.1 1.35 0.23 
196 0.83 5.43 6.51 0.65  7.3 8.76 0.84 0.37 
214 1.68 3.82 2.27 0.23  6.51 3.87 0.37 0.74 
231 2.15 0 0 0  3.2 1.49 0.14 0.95 
The partial purification of α-terpinene- and terpinolene-synthesizing activities from P1 and P2 showed 
similar protein patterns in denaturing protein gels (Figure 1). Protein bands common to the active 
fractions in both samples were observed at 55, 35 and 27 kDa. The fractions from the AEC with the 
highest catalytic activity in P1 (145 mM KCl) and P2 (161 mM KCl) were trypsin-digested and 
analyzed by LC-ESI-MS/MS. Out of the 78 proteins identified, 40 were detected in both P1 and P2 
fractions (Table 2). 13 additional proteins were detected solely in P1, whereas 25 were exclusive to 
P2. 
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Table 2. Proteins detected in fractions from anion exchange chromatography with linalool-
dependent α-terpinene (P1) and terpinolene (P2) synthase activities. 
Protein_id P1 
[145 
mM]a 
P2 
[161 
mM] 
Description MW  
[kDa] 
Coverage
(%)b 
CDM22544 ● ● Glutamate synthase [NADPH] small 
chain 
53.8 26.9 
CDM22556 ● ● Imidazole glycerol-phosphate 
dehydratase 
21.4 53.8 
CDM22584 ● - LSU ribosomal protein L24p 11.1 34.0 
CDM22608 ● - SSU ribosomal protein S10p 11.8 23.3 
CDM22636 ● - LSU ribosomal protein L10p 18.5 66.7 
CDM22637 ● - LSU ribosomal protein L1p 23.7 30.3 
CDM22646 ● - Cold shock protein CspG 7.3 69.1 
CDM22649 ● ● Universal stress protein, UspA family 15.9 30.2 
CDM22659 ● ● DNA gyrase subunit B 90.1 35.3 
CDM22660 ● ● DNA polymerase III beta-subunit 41.2 53.0 
CDM22669 ● - Putative restriction endonuclease 36.0 53.2 
CDM22691 ● ● Pyruvate kinase 50.6 25.3 
CDM22890 ● ● Hypothetical protein 20.9 35.3 
CDM22976 ● ● Homogentisate 1,2-dioxygenase 47.7 42.8 
CDM22977 ● ● Homogentisate 1,2-dioxygenase 43.3 28.7 
CDM22987 ● ● Acetyl-CoA acetyltransferase 42.5 39.6 
CDM23097 ● ● Glutamate synthase large chain 172.8 23.4 
CDM23141 ● - Carboxyl-terminal protease 54.6 20.2 
CDM23151 ● ● HPr kinase/phosphorylase 34.2 30.1 
CDM23364 - ● Phosphoglucosamine mutase 47.2 20.6 
CDM23395 - ● 4-carboxymuconolactone 
decarboxylase 
17.4 27.7 
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CDM23408 - ● Sulfite reductase beta-subunit 63.4 35.8 
CDM23494 ● ● Glucose-6-phosphate 1-
dehydrogenase 
54.2 24.6 
CDM23540 - ● Ribonuclease E 113.3 27.1 
CDM23573 - ● LysR-family regulator CbI 35.4 38.4 
CDM23590 ● - Transcriptional regulator, TetR family 28.1 21.2 
CDM23619 ● ● Gamma-glutamyl phosphate 
reductase 
45.0 26.8 
CDM23622 - ● Leucyl-tRNA synthetase 98.6 33.4 
CDM23789 ● ● Ferric uptake regulation protein 16.0 48.2 
CDM23800 ● ● Putative zinc protease 102.0 36.8 
CDM23801 ● ● Omega-amino acid-pyruvate 
aminotransferase 
49.0 34.1 
CDM23832 ● ● Isocitrate dehydrogenase 45.9 22.2 
CDM23883 - ● Alkylhydroperoxidase AhpD 12.1 27.8 
CDM23944 ● - Copper-containing nitrite reductase 49.9 23.1 
CDM24086 ● ● Transcription termination factor Rho 47.2 71.1 
CDM24108 - ● Allantoicase 37.9 40.5 
CDM24117 ● - Sulfurtransferase 33.0 22.8 
CDM24130 ● ● Valyl-tRNA synthetase 105.7 47.0 
CDM24332 - ● Hypothetical protein 87.6 37.9 
CDM24369 - ● Inorganic pyrophosphatase 19.5 24.3 
CDM24437 - ● Translation elongation factor Ts 30.8 45.0 
CDM24511 - ● Hypothetical protein 30.4 38.0 
CDM24539 ● ● Branched-chain amino acid ABC 
transporter, amino acid-binding 
protein 
38.8 26.3 
CDM24540 - ● Non-specific DNA-binding protein 
Dps 
19.2 45.1 
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CDM24610 - ● Glucose-1-phosphate 
cytidylyltransferase 
28.7 43.2 
CDM24623 ● ● Hypothetical protein 32.0 28.5 
CDM24665 - ● Probable hydrolase 31.6 27.6 
CDM24698 ● ● ATP-dependent protease La Type I 89.9 28.0 
CDM24735 ● ● Phosphopantothenoylcysteine 
decarboxylase 
41.7 29.9 
CDM24736 - ● Deoxyuridine 5'-triphosphate 
nucleotidohydrolase 
16.1 52.3 
CDM24902 ● ● Pyruvate kinase 51.8 49.0 
CDM25054 - ● Adenosylmethionine-8-amino-7-
oxononanoate aminotransferase 
49.1 20.3 
CDM25079 ● - Malate dehydrogenase 35.2 21.0 
CDM25094 ● ● Acyl-CoA dehydrogenase 59.6 51.4 
CDM25099 - ● Nitrous-oxide reductase 70.7 50.4 
CDM25257 - ● Citrate lyase 30.7 75.3 
CDM25292 ● - Transcriptional regulator, MarR 
family 
21.0 45.7 
CDM25300 - ● Acyl coenzyme A 
hydrolase/transferase 
44.6 20.5 
CDM25304 - ● 3-hydroxyisobutyryl-CoA hydrolase 42.2 31.7 
CDM25337 ● ● Molybdopterin-binding protein 31.5 45.5 
CDM25340 ● ● Branched-chain amino acid 
aminotransferase 
34.0 40.8 
CDM25357 ● ● Phosphoribosyl aminoimidazole 
carboxamide formyltransferase 
45.6 35.6 
CDM25383 ● - Probable signal peptide protein 20.8 27.4 
CDM25422 ● ● Hypothetical protein 40.5 35.7 
CDM25495 ● ● Methionyl-tRNA synthetase 76.4 53.4 
CDM25575 ● ● Molybdenum cofactor biosynthesis 18.8 38.3 
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protein MoaB 
CDM25670 ● ● Aldehyde dehydrogenase B 57.0 43.6 
CDM25701 ● ● LSU ribosomal protein L25p 21.5 42.3 
CDM25729 - ● Succinate-semialdehyde 
dehydrogenase 
51.6 45.2 
CDM25802 ● ● Catalase 53.8 52.5 
CDM25843 - ● Heat shock protein 60 family co-
chaperone GroES 
10.2 29.5 
CDM25923 ● ● Enoyl-CoA hydratase 27.9 29.8 
CDM25962 - ● N-acetyl-gamma-glutamyl-phosphate 
reductase 
38.3 68.6 
CDM26021 ● ● Aspartyl-tRNA amidotransferase 
subunit C 
11.1 36.3 
CDM26022 ● ● Aspartyl-tRNA amidotransferase 
subunit A 
53.5 64.9 
CDM26023 ● ● Aspartyl-tRNA amidotransferase 
subunit B 
53.1 46.0 
CDM26026 ● ● Exodeoxyribonuclease III 29.8 27.8 
CDM26082 - ● Heat shock protein Hsp20 16.6 48.7 
aConcentration of KCl in analyzed fractions; Proteins detected (●) and no detected (-) by LC-ESI-
MS/MS. 
bPercentage of the protein sequence covered by the detected peptides 
Partial purification of a cyclic monoterpene alcohol dehydratase 
The cyclic monoterpene alcohols α-terpineol and terpinen-4-ol are known to support growth of C. 
defragrans (Foss et al. 1998); however, their degradation has thus far not been investigated. In this 
study cell suspensions and protein extracts from limonene-grown biomass were tested for activity on 
these monoterpene alcohols with and without the addition of several co-substrates. The 
dehydroxylation of both alcohols was observed in soluble protein extracts supplemented with ATP, 
divalent cations and dithiothreitol. Catalytic activity on α-terpineol resulted in the formation of the 
monoterpene hydrocarbons α-terpinene (2.4 ± 0.2 pkat mg-1) and terpinolene (9.7 ± 0.4 pkat mg-1). 
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With terpinen-4-ol as substrate, similar results were observed (3.9 ± 0.1 pkat mg-1 and 8 ± 1 pkat mg-1 
for α-terpinene and terpinolene formation, respectively). Soluble protein extracts showing catalytic 
activity were fractionated over a salinity gradient using anion exchange chromatography (AEC). The 
alcohol dehydratase activity was recovered solely as terpinolene synthase in fractions eluting between 
210 and 260 mM KCl. Such fractions showed identical specific activity for α-terpineol and terpinen-4-
ol dehydroxylation (Figure S4). Hence, terpinen-4-ol was adopted as substrate for further activity 
assays. The partially purified protein, active on monocyclic monoterpene alcohols, exhibited an 
apparent molecular size of 133 kDa on the gel filtration and did not show catalytic activity on the 
acyclic linalool (data not shown). Fractions from AEC with dehydratase activity on terpinene-4-ol 
were injected onto a hydrophobic interaction chromatography (HIC) column, resulting in a 15-fold net 
increase in specific enzyme activity (Table 3) and the enrichment of protein bands of 42 and 38 kDa in 
denaturing gels (Figure 2). 
Table 3. Purification of terpinen-4-ol dehydratase activity from soluble protein extracts of C. 
defragrans 65Phen grown on limonene. 
Purification step Total 
protein 
[mg] 
Total 
activity 
[pkat] 
Specific 
activity 
[pkat mg-1] 
Relative 
specific 
activity 
Protein 
yield 
(%) 
SE 500 5005 10 ± 0.2 1 100 
AEC [KCl mM] 
210 - 260 
 
8 
 
486 
 
61 ± 7 
 
6 
 
1.6 
HIC [NH4(SO4)2 mM] 
150- 140 
 
0.26 
 
38 
 
147 ± 15 
 
15 
 
0.05 
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Table 4. Proteins detected in fractions with terpinen-4-ol dehydratase activity. 
Apparent 
size of 
excised band 
(kDa)a 
Protein_id Protein annotation Theoretical 
molecular 
size (kDa) 
Coverage 
(%)b 
62 CDM25844 Heat shock protein 60 family 
chaperone GroEL 
57.4 34.3 
42 and 38 CDM22609 Translation elongation factor Tu 42.8 31.6 
CDM22780 Isovaleryl-CoA dehydrogenase 42.6 47.7 
CDM23466 NADH:ubiquinone oxidoreductase 
chain F 
49.8 33.4 
CDM23611 Enolase 45.6 46.0 
CDM25241 Acyl-CoA dehydrogenase protein 44.5 50.5 
CDM25258 Acyl-CoA dehydrogenase 42.5 42.3 
CDM25291 Acyl-CoA acetyltransferase 41.0 66.8 
CDM25297 hypothetical protein 37.6 55.6 
CDM25869 O-acetylhomoserine sulfhydrylase / 
O-succinylhomoserine sulfhydrylase 
45.8 78.6 
33 CDM23550 3-oxoacyl-[acyl-carrier-protein] 
synthase, KASIII 
33.9 21.6 
25 CDM25241 Acyl-CoA dehydrogenase protein 44.5 18.2 
aProtein bands cut from SDS-PAGE preparations were analyzed by LC-ESI-MS/MS. 
bPercentage of the protein sequence covered by the detected peptides. 
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Discussion 
C. defragrans 65Phen mineralizes several monoterpenes, including alcohols, in anoxic denitrifying 
medium. In this study, we report a novel monoterpene alcohol dehydratase and the partial purification 
of two catalytic activities acting on acyclic and monocyclic monoterpene alcohols. The fate of linalool 
in C. defragrans was originally inferred from the description of the enzymes that catalyze its oxidation 
to geranic acid (Brodkorb et al. 2010; Heyen and Harder 2000; Lüddeke et al. 2012b). However, the 
existence of an alternative pathway has been suggested due to the absence of a degradation pathway 
for geranic acid and the observations made on growth experiments with deletion mutants (Lüddeke et 
al. 2012a). The discovery of a linalool-dependent monoterpene cyclase producing cyclic dienes 
confirms such hypothesis (Marmulla 2015). The products of linalool dehydroxylation and cyclization 
are α-terpinene and terpinolene. The formation of both products is catalyzed by soluble protein 
extracts at similar reaction rates; however protein purification favored the enrichment of terpinolene 
production (Table 1). With our purification protocol, it was not possible to isolate the synthesis of α-
terpinene from that of terpinolene. In fact, α-terpinene synthesis stagnated while terpinolene 
production was further enriched in sample P1 (Table 1, Figure S2), suggesting that the synthesis of 
both monoterpene products may be catalyzed by the same enzyme. Most known monoterpene cyclases 
synthetize several monoterpene products simultaneously (Fahnrich et al. 2011), while the mechanisms 
regulating the fate of the reactions are not fully understood (Degenhardt et al. 2009). Interestingly, the 
molecular size of fractions exhibiting α-terpinene synthesis in the gel filtration was nearly two times 
the size of those with maximum terpinolene production (Figure S1). Thus, the production of each 
monoterpene product could be associated to the level of enzymes’ quaternary organization. P1 and P2 
shared similar protein compositions, however due to the high number of proteins detected no 
candidate protein could be associated to the catalytic activity. 
Interestingly, another ATP-dependent synthesis of α-terpinene and terpinolene was detected in soluble 
protein extracts using α-terpineol and terpinen-4-ol as substrates. As for the linalool-dependent 
reaction, liquid chromatography led to the enrichment of terpinolene synthase activity only. The 
molecular size of the active fraction in the gel filtration was 133 kDa. The partially purified protein 
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showed identical catalytic activity on both cyclic monoterpene alcohols, but not on the acyclic 
linalool. The combination of AEC and HIC led to the enrichment of several proteins with an equally 
diverse set of predicted biological functions (Figure 2, Table 4). Among them four proteins encoded 
within the genomic island specialized in monoterpene degradation were detected (Petasch et al. 2014). 
Proteins CDM25241, CDM25258 and CDM25291 are annotated as involved in acyl-CoA metabolism 
and were found up-regulated in the proteome of monoterpene-grown C. defragrans (Petasch et al. 
2014). The fourth protein detected in terpinolene-synthesizing fractions, CDM25297, has not predicted 
function. Remarkably, CDM25241 belongs to the acyl-CoA dehydrogenases (ACAD) subfamily 10. 
This cluster of mainly uncharacterized proteins bear typical ACAD domains at the N- and C-termini 
and a central ATP-binding domain unique for ACAD10 and ACAD11 (He et al. 2011; Swigonova et 
al. 2009). A single representative of the ACAD10 subfamily has to some extend been characterized in 
vitro (He et al. 2011). The enzyme subcloned from human brain tissue showed minimal activity on 
two branched-chain substrates (R- and S-2 methyl-C15-CoA), without any apparent involvement of its 
ATP-binding domain. Thus, its physiological role is still considered as unknown. The presence of an 
ATP-binding domain in CDM25241 and its strategic localization among genes involved in 
monoterpene metabolism make of this protein a candidate to be considered in future research. 
The synthesis of monocyclic monoterpene hydrocarbons from linalool, α-terpineol and terpinen-4-ol is 
pivotal to explain the versatility of C. defragrans towards monoterpenes. By centralizing the 
degradation of its monoterpene substrates, C. defragrans avoids genetic and metabolic redundancy 
which represents an evolutionary advantage in the environment. Terpinolene and α-terpinene are 
substrates to the recently described limonene dehydrogenase (Puentes-Cala et al. submitted), which 
channels their degradation into the monocyclic monoterpene degradation pathway (Petasch et al. 
2014). 
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Table S1. Partial purification of terpinolene synthase activity from linalool using protein 
extracts from C. defragrans 65Phen Δldi. 
Purification step Protein 
[mg] 
Total activity
[pkat] 
Specific act. 
[pkat mg-1] 
Relative 
specific 
activity 
Protein yield
[%] 
SE 227 2365 10.4 1 100 
SEC      
Pool 2 32 1024 32 3.1 14 
AEC [KClmM]      
143 0.42 9.4 22.3 2.1 0.2 
161 0.45 69.7 155 15 0.2 
179 0.4 31.1 79 7.6 0.2 
196 0.41 10.8 26.3 2.5 0.2 
212 0.7 6.4 9.1 0.9 0.3 
229 1.37 3 2 0.2 0.6 
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Figure S1. Linalool-dependent terpinolene (●) and α-terpinene (▲) synthase activity in size 
exclusion chromatography fractions. 
 
 
Figure S2. Linalool-dependent terpinolene (●) and α-terpinene (▲) synthase activity from 
sample P1 after anion exchange chromatography. 
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Figure S3. Linalool-dependent terpinolene (●) synthase activity from sample P2 after anion 
exchange chromatography. 
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Figure S4. Terpinen-4-ol (A) and α-terpineol (B) dehydratase activity [terpinolene-forming (●)] 
of protein fractions obtained after anion exchange chromatography. 
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Abstract 
The betaproteobacterium Castellaniella defragrans 65Phen grows on monoterpenes at concentrations 
toxic to many bacteria. Tolerance mechanisms include modifications of the membrane fatty acid 
composition and the mineralization of monoterpenes. In this study, we characterized a novel efflux 
transporter associated to the monoterpene metabolism. The inner-membrane transporter AmeD (apolar 
monoterpene efflux) affiliated to the HAE3 (hydrophobe/amphiphile efflux) family of Resistance-
Nodulation-Division (RND) superfamily, known for transporting substrates into the periplasm. AmeD 
is co-expressed with the outer membrane protein AmeA and the periplasmic proteins AmeB and 
AmeC, suggesting an export channel into the environment similar to HAE1-type RND exporters. 
Proteins AmeABCD are encoded within a genetic island involved in the metabolism of acyclic and 
cyclic monoterpenes. The deletion of ameABCD translated into decreased monoterpene tolerance in 
liquid cultures. Interestingly, with acetate as cosubstrate the bacteria are more tolerant to 
monoterpenes. The uptake of Nile Red depended on an inhibition with the protonophore carbonyl 
cyanide m-chlorophenylhydrazone (CCCP). Cells lacking AmeABCD accumulated more Nile Red, 
suggesting an export function of the proteins. Our observations demonstrated a participation of the 
tetrapartite RND transporter AmeABCD in monoterpene detoxification in C. defragrans. 
Keywords: RND efflux pump, monoterpene, toxicity, anaerobic metabolism, Castellaniella 
defragrans. 
Introduction 
Monoterpenes are a diverse group of volatile biogenic hydrocarbons found mainly in the essential oils 
of plants. Produced as secondary metabolites, these compounds exhibit a myriad of biological 
functions such as pollinator attraction, plant-plant communication and as antimicrobials (Mahmoud 
and Croteau 2002). Due to their hydrophobic nature, monoterpenes tend to accumulate in cellular 
membranes altering the proton gradient, the electron transport and the stability of membrane proteins 
(Abrahim et al. 2003; Brennan et al. 2012; Griffin et al. 1999). Microorganisms using monoterpenes 
as carbon and energy sources have evolved mechanisms to circumvent this toxicity. Changes in 
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membrane fluidity, monoterpene biotransformation and active secretion count among such adaptations 
(Bicas et al. 2008; Ramos et al. 2002; Ultee et al. 2000). Numerous efflux pumps of the Resistance-
Nodulation-Division (RND) superfamily are reported to confer tolerance towards monoterpenes and 
other hydrocarbons (Kieboom et al. 1998; Segura et al. 2012). The RND efflux transporters MexAB-
OprM and MexCD-OprJ have shown to be essential for growth of Pseudomonas aeruginosa exposed 
to monoterpene constituents of the tea-tree oil (Papadopoulos et al. 2008). Similarly, the complex 
AcrAB‐TolC and several mutants thereof increased tolerance and enhanced monoterpene production 
in engineered E. coli strains (Dunlop et al. 2011; Foo and Leong 2013). Typically, RND efflux 
transporters active on organic solvents belong to the hydrophobe/amphiphile efflux-1 (HAE1) family 
(Eswaran et al. 2004; Garcia et al. 2010; Nikaido 2011; Tseng et al. 1999). Members of this family are 
mostly tripartite consisting of an inner membrane substrate/proton antiporter, an outer membrane pore 
and a periplasmic membrane fusion protein (MFP). The latter links the inner and outer membrane 
components and facilitates substrate transport across the periplasm straight into the extracellular 
environment. Substrate specificity is determined by the inner membrane RND pump which recruits 
substrates from the periplasm or from the outer leaflet of the inner membrane. 
The betaproteobacterium Castellaniella (ex Alcaligenes) defragrans 65Phen mineralizes several 
monoterpenes under denitrifying conditions (Foss et al. 1998) and tolerates concentrations of α‐
phellandrene up to 30% v/v in a two-phase system (Heyen 1999). The proteome of C. defragrans 
grown on α‐phellandrene revealed the increased expression of the putative RND transporter AmeD, as 
well as AmeABC, whose genes (ameABC) are encoded directly upstream of ameD (Petasch et al. 
2014). In the same study, a transposon insertion in ameB resulted in defective growth on several 
monoterpenes. The gene cassette ameABCD is co-located with several genes associated to 
monoterpene metabolism (Fig. 1). In this study, we characterized the AmeABCD system conducting 
transport and growth studies with Castellaniella defragrans 65Phen and a deletion mutant lacking the 
genes ameABCD. 
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incubated at 28°C under constant agitation (60 rpm). Microbial growth was monitored by measuring 
the optical density at 600 nm. 
Fluorometric assays 
As a proof of concept, Nile Red accumulation and extrusion was tested in C. defragrans cells by 
modifying previously described protocols (Bohnert et al. 2010; Bohnert et al. 2011). Briefly, cells of 
wild-type C. defragrans and ΔameABCD were grown to late exponential phase in AFW medium 
containing both limonene (3 mM in HMN) and acetate (10 mM) as carbon sources. Cells were 
harvested at 5000x g for 30 min at 20°C and washed two times with AFW medium without any 
organic carbon source. After centrifugation, cells were resuspended in the same carbon-deprived 
medium to OD600 0.5 and, when indicated, carbonyl cyanide m-chlorophenylhydrazone (CCCP) and 
phe-arg β-naphthylamide (PAβN) were added to final concentrations of 2 µM and 20 µg mL-1 (38.5 
µM), respectively (from stock solutions in DMSO of 200 µM CCCP and 2 mM PAβN). The handling 
and preparation of microbial suspensions and chemical solutions was performed in an anaerobic 
chamber at 4°C. For influx assays, 198 µL of each cell suspension was transferred to a black 96-well 
plate (Fluotrac, Greiner Bio-One GmbH, Frickenhausen, Germany). Fifteen minutes after CCCP 
addition, Nile Red was added to a concentration of 2 µM (from a 200 µM stock solution in DMSO) 
and homogenized by repeated pipetting. The plate was covered with a sealing-film (thickness 50 µm, 
Carl Roth GmbH, Karlsruhe, Germany) to minimize exposition to oxygen during fluorescence 
monitoring. Fluorescence intensity was measured at room temperature with an Infinite M200 PRO 
(Tecan Austria GmbH, Grödig, Austria) with excitation at 552 nm and emission at 636 nm. Prior to 
each measurement, the plate was automatically shaken at 691 rpm for 30 seconds at amplitude of 1.5 
mm. To measure efflux of Nile Red, cells were incubated anaerobically under constant shaking (60 
rpm) with 2 µM of Nile Red and 2 µM of CCCP for 2 h at room temperature. Cells were washed two 
times by centrifugation at 5000x g for 15 min at 20°C and resuspended in AFW medium deprived of 
carbon sources. When indicated, PAβN (38.5 µM) was added to cell suspensions. 190 µL of the cell 
suspension were transferred to a 96-well plate and reenergized with 50 mM of sodium acetate. The 
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plate was covered with sealing film, rapidly taken out of the anaerobic chamber and fluorescence was 
measured. 
Bioinformatics analysis 
NCBI, UniProt and RAST (Overbeek et al. 2014) were used to retrieve the protein sequences for 
AmeABCD and related proteins, and to perform similarity and identity searches (Altschul et al. 1990) 
and conserved domain architecture analysis (Marchler-Bauer et al. 2017). AmeABCD sequences were 
analyzed for signal peptides, transmembrane helices and subcellular localization prediction using 
SignalP v4.1 (Nielsen 2017), TMHHM v2.0 (Krogh et al. 2001) and PSORTb v3.0.2 (Yu et al. 2010), 
respectively. The results obtained were validated by comparison with the results from InterPro (Finn et 
al. 2017). Visualization of transmembrane regions was generated with TMRPres2D (Spyropoulos et 
al. 2004). Three dimensional protein modeling was conducted with Phyre2 (Kelley et al. 2015). For 
the phylogenetic analysis of AmeD, sequences from the RND families HAE1, HAE2 and HAE3 were 
extracted from the TCDB database (Saier et al. 2016) and aligned with MAFFT v7.0 (Katoh et al. 
2017). A maximum likelihood tree based on the JTT matrix model was calculated using MEGA v7.0 
(Kumar et al. 2016) performing 1000 bootstrap replicates. The tree were visualized with 
Archaeopteryx v0.9921 beta (Han and Zmasek 2009). 
Results and discussion 
Growth on monoterpenes 
The transposon insertion mutant C. defragrans 65Phen ameB::Tn5 revealed reduced growth on 
monoterpenes (Petasch et al. 2014). To assess the role of the RND transporter during monoterpene 
utilization, the wild-type strain and the deletion mutant 65Phen ΔameABCD were compared in growth 
experiments (Fig. 2). Both strains exhibited similar growth when fed with acetate as sole carbon 
source and while growing cometabolically on both acetate and limonene (Fig. 2a-b). Apparently, in 
the latter cultures acetate was the preferred as substrate over limonene, while the cytotoxic effects of 
the monoterpene were not observed (Fig. 2b). The more soluble monoterpenoids perillyl alcohol, 
perillyl aldehyde and perillic acid did not show cytotoxicity either. In fact, these were utilized as sole 
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carbon sources by the deletion strain ΔameABCD nearly as efficiently as the wild type (Fig. 2c, Fig. 
S1a-b). The physiological consequences of ameABCD deletion became observable during growth on 
limonene, α-terpinene and other non-functionalized monoterpenes (Fig. 2d, Fig. S1c-f). In these 
cultures, the deletion mutant grew only poorly on the monoterpene hydrocarbons. Apparently, despite 
limonene’s low water solubility (100-150 µM) (Brennan et al. 2012; Fichan et al. 1999) and the 
presence of an organic carrier phase (HMN) that reduces mass transfer, limonene diffusion into 
ΔameABCD cells exceeded its biotransformation to perillyl alcohol and other products. Instead, 
limonene most likely accumulated in membranes, impairing proton gradient formation and in 
consequence hindering energy conservation (Segura et al. 2012). 
 
a b
c d
Fig. 2. Bacterial growth of wild-type [▲] and ΔameABCD [■] strains of C. defragrans 65Phen on 
acetate (a), acetate and limonene (b), perillyl alcohol (c), and limonene (d) monitored at OD600. 
In order to further characterize growth of ΔameABCD cells in media with both acetate and limonene 
as carbon sources, we replaced the carrier phase HMN by dimethyl sulfoxide (DMSO). DMSO 
facilitated limonene dissolution in the medium and allowed to test higher monoterpene concentrations. 
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In these cultures, the deletion mutant strain showed biomass yields comparable to those of the wild-
type strain at concentrations of limonene up to 5 mM (Fig. 3, Fig. S2). At concentrations over 10 mM 
of homogenously dissolved limonene, the growth yield of ΔameABCD cells was significantly reduced 
with respect to wild-type cells. These observations suggested that similar to previous cytotoxicity 
studies the addition of an second energy source, namely acetate, translates into a significant increase in 
monoterpene tolerance (Abrahim et al. 2003; Segura et al. 2012; Sikkema et al. 1995; Uribe et al. 
1984). The energy generated from acetate and similar compounds is likely used to provide a proton 
gradient as energy source for a cellular detoxification. Unlike the mutant ΔameABCD, the wild-type 
strain showed growth in all limonene concentrations tested (Fig. 3, Fig. S2), suggesting that proteins 
AmeABCD constitute yet another line of defense against monoterpene toxicity in C. defragrans 
complementing already described mechanisms such as the adaptational changes in membrane 
composition and the metabolic biotransformation of monoterpene substrates (Foss and Harder 1998; 
Harder and Marmulla 2017). 
 
Fig. 3. Maximum optical densities of wild-type and ΔameABCD C. defragrans 65Phen in acetate (10 
mM) cultures containing limonene at various concentrations. Limonene was dissolved in DMSO prior 
to addition to the medium to facilitate mass transfer. The error bars indicate the standard deviation of 
the means for three independent experiments. 
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A set of fluorometric assays were conducted to monitor the in vivo accumulation and export of Nile 
Red in C. defragrans wild-type and ΔameABCD. The cells were grown in AFW medium with 10 mM 
acetate and 3 mM limonene dissolved in HMN. Given its lipophilic nature, Nile Red accumulates in 
cell membranes which results in a significant increase in its fluorescent quantum yield (Blair and 
Piddock 2016). Assays with Nile Red and other environment-sensitive dyes are routinely used as a 
proxy to show the contribution of efflux pumps in bacterial resistance to xenobiotics (Blair and 
Piddock 2016; Paulsen et al. 1996; Soto 2013). Nile Red accumulated in C. defragrans cells treated 
with the protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP), but not in untreated cells 
(Fig. 4). The lack of fluorescence signal in the untreated controls (Fig. 4a) indicates that Nile Red is 
indeed a suitable substrate for efflux pumps present in physiologically active cells of both wild-type 
and ΔameABCD C. defragrans. When de-energized with CCCP, the mutant ΔameABCD exhibited a 
slightly higher Nile Red accumulation than the wild-type (Fig. 4b), suggesting a contribution of 
AmeABCD to a residual export of Nile Red in the presence of the protonophore. An inhibitor of RND 
transporters is phenylalanine-arginine β-naphthylamide (PAβN). Its presence increased the 
accumulation of Nile Red in the wild-type strain and thus confirmed that the residual export activity 
was caused by RND efflux pumps (Fig. 4c). 
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 a  
 
 
b  c  
Fig. 4. Influx of Nile Red in cells of C. defragrans 65Phen grown on acetate (10 mM) in 
cometabolism with limonene (3 mM) (wild-type: ▲; ΔameABCD: ■). Nile Red (2 µM) was added 
directly to the cells (a) or together with 2 µM of the proton-gradient uncoupling agent carbonyl-
cyanide m-chlorophenylhydrazone (CCCP) (b). The combined effect of CCCP and the RND pump 
inhibitor phe-arg β-naphthylamide (PAβN, 38.5 µM) is also shown (c). The influx of Nile Red was 
followed by measuring fluorescence intensity (excitation: 552 nm; emission 636 nm). 
Real-time efflux experiments typically require the re-energization of CCCP-treated cells loaded with 
Nile Red using a readily fermentable substrate such as glucose (Bohnert et al. 2010; Paixao et al. 
2009). In non-fermenting bacteria dye efflux is generally inferred from measuring intracellular dye 
accumulation rather than from online efflux measurements (Morita et al. 2001; Richmond et al. 2013). 
Nevertheless, as a proof of concept a real-time Nile Red efflux assay was conducted with Nile Red-
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preloaded C. defragrans wild-type and ΔameABCD. After Nile Red loading and two washing steps, 
acetate (50 mM) was added to reenergize the cells. The efflux of Nile Red showed almost identical 
apparent kinetics in both strains (Fig. 5a). Acetate addition had no effect, as similar efflux curves were 
observed in cells to which no acetate was added (data not shown). The decrease in fluorescence may 
be caused by passive diffusion of Nile Red to the outside of the cells or by reactivation of transporters 
after the removal of the protonophore. We used the addition of PAβN to wild-type and ΔameABCD 
cells to verify the involvement of active exporter. The Nile Red efflux was reduced (Fig. 5b), 
suggesting the involvement of RND pumps in the diffusion process. The obligate-respiring C. 
defragrans react slowly in comparison to fermenting bacteria which restore active dye efflux within 
seconds after glucose addition resulting in the loss of the fluorescent signal within the first 5 minutes 
of incubation (Blair and Piddock 2016; Bohnert et al. 2011; Iyer et al. 2015).  
a b
Fig. 5. Nile Red efflux by wild-type (▲) and ΔameABCD (■) strains of C. defragrans 65Phen. 
Bacterial cells were preloaded with 2 µM Nile Red in the presence of CCCP (2 µM) at 28°C under 
constant shaking (120 rpm) for 2 hours. After two washing steps, the cells were reenergized with 50 
mM acetate and fluorescence was recorded (a). The effect of 38.5 µM of PAβN on reenergized cells 
was tested (b). 
In silico analysis of RND efflux transporters in C. defragrans. 
The genome of C. defragrans contains 9 putative RND pumps. Seven of them (CDM22941, 
CDM23198, CDM23199, CDM24125, CDM24282, CDM24412 and CDM25333) affiliate to the 
HAE1 family, the most studied group of RND transporters. HAE1 transporters associate with 
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periplasmic and outer membrane proteins and mostly confer tolerance to xenobiotics in clinical and 
environmental isolates (Blanco et al. 2016; Tseng et al. 1999). 
Another transporter found in C. defragrans (CDM25549) belongs to the SecDF family, a group of 
chaperon transporters that participate in the export of proteins across the inner membrane (Tsukazaki 
and Nureki 2011). The ninth protein, AmeD (CDM25262), affiliates with the HAE3 family, a family 
of mainly uncharacterized transporters. 
This putative transporter and its accompanying proteins (AmeABC) were up-regulated in the proteome 
of α-phellandrene-grown C. defragrans (Petasch et al. 2014) and therefore subjected to identity and 
similarity searches. The closest homologs for the cluster AmeABCD were the hypothetical proteins 
EPZ15054, EPZ15055, EPZ15056 and EPZ15057 from Thauera terpenica 58EuT with sequence 
identities ranging between 61 and 80%. Similar to C. defragrans, T. terpenica 58EuT is able to 
anaerobically mineralize a wide range of monocyclic and bicyclic monoterpenes (Foss and Harder 
1998). 
AmeA (CDM25259) is a protein of 605 amino acid residues. It consists of an N-terminal signal 
peptide and a large conserved domain of unknown function (DUF1302). Its predicted localization as 
an outer membrane protein concurs with its structural homology with the adhesin/invasin OpcA (PDB: 
2VDF). OpcA is an integral outer membrane protein which acts as virulence factor in Neisseria 
meningitidis by promoting bacterial adhesion to endothelial cells (Cherezov et al. 2008; Moore et al. 
2005). The second up-regulated protein -AmeB- (CDM25260, 451 aa) was predicted as periplasmic 
and affiliated to the LolA superfamily (DUF1329). Although the crystal structure of several proteins 
within this superfamily has been resolved (e.g. PDB: 4Z48, 3BK5 and 3BUU), their function in the 
periplasm remains unknown. Nonetheless, DUF1329 proteins share structural features with the 
periplasmic chaperone LolA which shuttles the translocation of lipoproteins from the inner to the outer 
membrane in Gram-negative bacteria (Takeda et al. 2003). Protein AmeB has been shown to be 
essential for growth on monoterpenes since a transposon insertion within ameB resulted in reduced 
growth on limonene, myrcene and perillic acid (Petasch et al. 2014). Protein AmeC (CDM25261, 316 
aa) affiliates to the COG4447, a group of proteins related to stability and assembly factors of the 
photosystem II in plants. AmeC is also predicted as a periplasmic protein and hence is likely involved 
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in the assembly of the RND transporter complex. Lastly, protein AmeD (CDM25262, 787 aa) belongs 
to the RND efflux transporter superfamily and affiliates with the hydrophobe/amphiphile efflux-3 
family (HAE3) (COG1033). The 12 transmembrane-spanning regions (TMS) and 2 periplasmic loops 
(located between TMS 1 and 2 and between TMS 7 and 8) conserved among all RND efflux pumps 
were predicted from the amino acid sequence (Fig. S3) (Paulsen et al. 1996; Tseng et al. 1999). In a 
phylogenetic reconstruction with sequences from RND transporter families HAE1, HAE2 and HAE3, 
AmeD and its closest homologs clustered in a distinct lineage within the HAE3 branch (Fig. 6). To 
date, the only characterized representatives from HAE3 are two closely related hopanoid transporters 
(HpnN) from Rhodopseudomonas palustris TIE-1 and Burkholderia multivorans (Fig. 6) (Doughty et 
al. 2011; Kumar et al. 2017). In both organisms, HpnN catalyzes the translocation of hopanoids from 
the inner membrane to the periplasm without the need for association or co-transcription with 
periplasmic proteins or outer membrane channels. Conversely, all members in the AmeD lineage are 
encoded within gene cassettes containing outer- and inner-membrane proteins homologous to AmeA 
and AmeD, respectively, and two periplasmic proteins homologous to AmeB and AmeC. This 
predicted subunit composition and architecture resembles some of the RND transporters of the HAE1 
family thus far described in Gram-negative bacteria (Daury et al. 2016). 
Although most HAE1 transporter complexes are composed of three proteins, a few examples for the 
requirement of a fourth protein are known. The transporter systems CusCFBA and TriABC-OpmH 
both require two periplasmic proteins to catalyze the efflux of heavy metals (i.e. Cu+ and Ag+) and the 
antimicrobial triclosan, respectively (Delmar et al. 2014; Mima et al. 2007). The role of the forth 
protein is rather diverse: while CusF acts as a soluble periplasmic metal-binding protein in E. coli 
(Delmar et al. 2015), both TriA and TriB act as a membrane fusion proteins (MFP) coupling the RND 
pump TriC to the outer channel protein OpmH in Pseudomonas aeruginosa (Ntreh et al. 2016; Weeks 
et al. 2015). Additional systems such as the MuxABC-OpmB and AcrABZ-TolC also require a forth 
protein which locates in the inner membrane and in the cytoplasm, respectively (Mima et al. 2009; 
Wang et al. 2017). In our case, the roles of AmeB and AmeC cannot be predicted unequivocally. 
Nonetheless, the affiliation of both proteins with periplasmic chaperons suggests their participation in 
the assembly and stability of the RND complex and hence both may act as MFP. 
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Conclusion 
In this study, the role of the putative RND transporter complex AmeABCD in monoterpene growth of 
Castellaniella defragrans was investigated. The results showed reduced biomass yield in an 
ameABCD deletion mutant growing on non-functionalized monoterpenes as sole carbon sources. The 
addition of acetate as cometabolic substrate increased significantly the tolerance of the deletion mutant 
towards limonene. Deletion of ameABCD resulted also in higher net influx of Nile Red into CCCP-
treated C. defragrans, suggesting the participation of the RND transporter in dye efflux in the wild-
type cells. AmeD is affiliated to a lineage of RND transporters within the HAE3 family that unlike 
other HAE3 members associate with two periplasmic proteins and one outer membrane channel to 
export to the extracellular space analogous to RND transporters of the HAE1 family. It is still unclear 
whether AmeB and AmeC act both as periplasmic membrane fusion proteins. Their homology to 
chaperones and assembly factors grant both proteins with potential for facilitating protein-protein 
interactions and the assembly of the RND complex. The inducible proteins AmeABCD provide C. 
defragrans with tolerance against the toxic monoterpene substrates that it naturally uses as carbon and 
energy sources. 
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a b
c d
e f 
Fig. S1. Bacterial growth of wild-type (▲) and ΔameABCD (■) strains of C. defragrans 65Phen 
on perillyl aldehyde (a), perillic acid (b), α-terpinene (c), terpinolene (d), sabinene (e) and 
myrcene (f). Acetate was added to a concentration of 20 mM. Monoterpenes were added in a carrier 
phase (HMN) to a final concentration of 3 mM.  
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a b
Fig. S2. Growth of wild-type (a) and ΔameABCD (b) C. defragrans 65Phen in acetate in 
cometabolism with various concentrations of limonene: 0 mM [●], 0.62 mM [♦], 1.25 mM [■], 2.5 
mM [▲], 5 mM [◊], 10 mM [□], 20 mM [Δ]. To enhance mass transfer limonene was predissolved in 
DMSO.  
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Chapter VI: Discussion and outlook 
 
Castellaniella defragrans 65Phen mineralizes more than a dozen monoterpene compounds under 
anaerobic denitrifying conditions (Foss et al. 1998). For this reason C. defragrans has become a model 
organism to study anaerobic monoterpene degradation. During the course of this doctoral thesis I 
searched for novel degradation pathways that explain C. defragrans’ metabolic versatility towards 
monoterpenes. Additionally, I studied what seems to be a major mechanism that allows C. defragrans 
to evade monoterpene toxicity. 
6.1 Novel pathways in anaerobic monoterpene degradation 
6.1.1 Bicyclic monoterpene metabolism 
The evidence presented in Chapter II showed that the degradation of the bicyclic 
monoterpenes α-pinene, 3-carene and sabinene proceeds via the formation of monocyclic 
intermediates in C. defragrans (Puentes-Cala et al. 2018). All the intermediates I detected in cultures 
and enzyme assays support growth of C. defragrans (Foss et al. 1998). Strikingly, with the exception 
of α-terpineol and terpinen-4-ol, these monocyclic monoterpene intermediates are all substrates of the 
limonene dehydrogenase CtmAB, the enzyme characterized in Chapter III. The latter explains why 
the deletion of the ctmAB genes prompted the accumulation of monocyclic metabolites in cultures 
grown cometabolically on acetate and bicyclic monoterpenes (Puentes-Cala et al. 2018). The apparent 
link between the bicyclic and the monocyclic monoterpene metabolism was further confirmed by 
proteomics analysis and by the phenotype of transposon insertion mutants which showed the need for 
the monocyclic monoterpene degradation pathway for growth on bicyclic monoterpenes. 
The decyclization reactions required for chemically synthesizing monocyclic compounds from 
bicyclic monoterpenes requires the transformation of a ring equivalent into an alkene bond or a 
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functional group. These processes almost invariably involve the formation of transient carbocation 
intermediates (Traas 1982; Yoo and Day 2002). Typically, electrophilic reagents attack the allylic 
double bond present in the bicyclic monoterpene. The nascent cationic charge may migrate within the 
cyclohexane ring or undergo Wagner–Meerwein rearrangements forming monocyclic products or new 
bicyclic derivatives, respectively (Arbuzov and Isaeva 1976; Banthorpe and Whittaker 1966; Traas 
1982). The type of carbocations and products formed relies heavily on the reaction conditions and on 
the electrophiles and nucleophiles, e.g. water, available for carbocation formation and stabilization, 
respectively (Gainsford et al. 2001). Examples for the chemical modification of bicyclic monoterpenes 
include the industrial production of valuable alcohols, such as menthol, α- and γ-terpineol and 
isoborneol from the readily available α- and β-pinene. In biological systems the conditions of such 
decyclization reactions are controlled at the active sites of specialized enzymes which determine the 
formation and fate of reaction intermediates. In Castellaniella defragrans the products of bicyclic 
monoterpene decyclization were limited to α- and γ-terpinene, limonene, terpinolene, α-terpineol and 
terpinen-4-ol, which all act as substrates for bacterial growth. 
We observed that the in vitro biotransformation of bicyclic monoterpenes was ATP-stimulated 
and irreversibly lost upon separation into soluble and membrane fractions by ultracentrifugation. The 
latter suggests that the enzyme may be a complex between soluble and membrane-bound proteins 
which were separated by the centrifugal forces. Thus, its purification will require a careful 
standardization in order to preserve the enzyme’s quaternary architecture. The extraction of membrane 
proteins from the lipid bilayer and the stabilization of hydrophobic regions are commonly carried out 
with amphiphilic compounds such as Triton X-100 and Tween20, alkyl sugars (e.g. n-decyl-β-D-
maltoside) and zwitterionic detergents (e.g. lauryldimethylamine-N-oxide) (Arachea et al. 2012; Prive 
2007). The stabilization in solution of the membrane-bound component of this novel monoterpene 
decyclase may allow the purification of the complex via protein chromatography. Nevertheless, 
protein denaturation is not uncommon when using even mild detergents. An alternative approach I 
propose involves the enrichment of the enzymatic activity by rate-zonal density gradient 
ultracentrifugation followed by the characterization of the zones with the highest catalytic activity 
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(Fernandez-Martinez et al. 2016; Marmulla 2015). A similar approach has recently been used to enrich 
a linalool isomerase from Thauera linaloolentis 47Lol (Marmulla et al. 2016b). 
6.1.2 Monoterpene alcohol dehydratases 
Systematic studies on the anaerobic monoterpene metabolism of C. defragrans led to 
description of a pathway for the utilization of the acyclic monoterpenes β-myrcene and linalool. The 
reactions of this pathway are catalyzed by the enzymes linalool dehydratase/isomerase (Ldi) and the 
geraniol (GeoA) and geranial (GeoB) dehydrogenases (Brodkorb et al. 2010; Lüddeke et al. 2012b) 
yielding geranic acid as product (Figure 1). The further degradation of geranic acid was hypothesized 
to occur via β-oxidation-like reactions in analogy to the acyclic terpene utilization (Atu) pathway of 
Pseudomonas (Förster-Fromme and Jendrossek 2006; Förster-Fromme and Jendrossek 2010). 
However, such a pathway has not been found in the genome of C. defragrans (Petasch et al. 2014). 
Instead, in light of new evidence the formation of geranic acid from linalool seems to be the result of a 
combination of a detoxification mechanism and unspecific oxidation reactions. The transformation of 
geraniol into linalool and then into myrcene is catalyzed by Ldi with reaction rates that are three orders 
of magnitude faster than in the opposite direction (Figure 1) (Brodkorb et al. 2010). Hence, it is likely 
that the thermodynamically favored reactions of the Ldi are envisioned to reduce alcohol 
concentrations below toxicity levels by producing the less toxic β-myrcene. Alternatively, geraniol 
concentrations can also be reduced by oxidation to geranial and geranic acid by GeoA and GeoB, 
respectively (Harder and Marmulla 2017; Lüddeke et al. 2012b). These two enzymes have a wide 
substrate spectrum and have shown to be essential for growth on several monocyclic monoterpenes 
(Petasch et al. 2014). In fact, GeoA showed higher catalytic efficiency for the monocyclic perillyl 
alcohol than for geraniol (Lüddeke et al. 2012b), while in another experiment a geoB deletion 
inhibited growth of C. defragrans on perillyl aldehyde (Petasch et al. 2014). Interestingly, the Ldi is 
required for growth of C. defragrans on both myrcene and geraniol, but not for growth on linalool 
(Lüddeke et al. 2012a). This suggests the existence of a pathway for linalool metabolism independent 
of geraniol formation and oxidation. 
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Figure 1. Proposed pathway for β-myrcene degradation in C. defragrans 65Phen. 
On the other hand, up until now the fate of the monocyclic monoterpene alcohols α-terpineol 
and terpinen-4-ol in C. defragrans had not been investigated. The dehydration of α-terpineol to form 
terpinolene has been proposed in Thauera terpenica and Pseudomonas aeruginosa (Hylemon and 
Harder 1998; Tadasa et al. 1976), however, without any supporting biochemical evidence. This 
motivated us to study the initial transformation on monocyclic monoterpene alcohols in C. defragrans. 
ATP-dependent biotransformations producing monocyclic monoterpene dienes from linalool, 
α-terpineol and terpinen-4-ol were observed in soluble protein extracts of C. defragrans 65Phen 
[Chapter IV]. The partial purification of the catalytic activities revealed that the fractions active on α-
terpineol were also active on terpinen-4-ol but not on linalool. Likewise, the fractions active on 
linalool were not active on either of the monocyclic alcohols. These observations suggest the 
discovery of two novel monoterpene alcohol dehydratases in C. defragrans. In all cases the reactions 
yielded α-terpinene and terpinolene as products. These monocyclic monoterpene dienes are substrates 
of the limonene dehydrogenase CtmAB [Chapter III]. This suggests that the mineralization of 
linalool, α-terpineol and terpinen-4-ol is ultimately achieved via the limonene degradation pathway 
(Petasch et al. 2014). 
The two-step purification protocols used in this study to isolate and characterize the alcohol 
dehydratases successfully enriched both enzymatic activities and allowed to evaluate some of their 
properties. However, it did not allow the identification of the catalytic proteins. Furthermore, both 
enzymes lost between 95 to 99% of the total enzymatic activity during purification. Therefore, 
optimization of the purification protocols is necessary in order to increase both enzyme purity and 
recovery. Considering that both enzymes preserved some level of catalytic activity after anion 
exchange chromatography (AEC) (between 4 and 13%), this purification step can be considered for 
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optimization. During the experimental phase of this project we used the same AEC column, the same 
binding and elution buffers, and similar purification regimes for both enzymes. Two main variables 
influence protein separation on AEC: the pH and the salinity of the buffer system. We kept the pH 
constant while the salinity was gradually increased to elute the bound proteins. Typically, longer 
salinity gradients yield higher protein purity but lower catalytic activity recovery and vice versa (de 
Medeiros et al. 2012; Luo and Hsu 1997). Thus, I suggest conducting a first AEC run where a step-
wise increase of 50 to 100 mM KCl is applied. Here the bulk of accompanying proteins is eliminated 
while most the catalytic activity will be concentrated in one or two of the fractions collected. In a 
second AEC run the column is equilibrated at a slightly different pH, the active fraction from the 
previous run is equilibrated and injected, and finally further fractionation over a salinity gradient is 
conducted. The variation of pH in the second run will change the net charges of the protein mixtures 
and increase the probability of protein separation, while the gradual increase in salinity will provide a 
higher resolution. Alternatively, a cation exchanger can replace one of the AEC runs. 
Another possible cause for the loss of catalytic activity during purification may be associated 
to protein hydrophobicity. Many enzymes active on monoterpenes known to date are highly 
hydrophobic (Brodkorb et al. 2010; Lüddeke et al. 2012b; Marmulla 2015). These carry hydrophobic 
pockets and surface patches that facilitate their interaction with the substrate and with the hydrophobic 
structures where monoterpenes tend to accumulate (i.e. cellular membranes). In general, hydrophobic 
proteins tend to aggregate and precipitate out of solution when brought above a threshold 
concentration or when exposed to kosmotropic ions (Wingfield 2001; Zhang et al. 2017). To avoid 
precipitation the effect of the addition of co-solvents such as glycerol, non-denaturing detergents or 
amino acids (e.g. arginine) can be tested. This hydrophobicity was evident when hydrophobic 
interaction chromatography (HIC) was used. The purification of the α-terpineol/terpinen-4-ol 
dehydratase activity required the use of a butyl sepharose column, since no enzymatic activity was 
recovered from the more hydrophobic phenyl sepharose. Although the active proteins eluted within the 
gradient applied to the butyl sepharose, protein precipitation in the hydrophobic environment or tight 
association to the column material may be the cause for the observed 90% loss in catalytic activity. As 
for the linalool cyclase which had total activity loss during HIC, the use of a less kosmotropic salt 
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such as KCl in the binding buffer instead of ammonium sulfate may prevent excessive protein 
aggregation and/or strong column association. 
6.1.3 Limonene dehydrogenase: a central enzyme in the anaerobic monoterpene metabolism 
A limonene dehydrogenase activity was purified and characterized from anaerobically-grown 
C. defragrans [Chapter III]. The reverse reaction, the reduction of perillyl alcohol to limonene with a 
thiol as electron donor, was also observed although it does not seem to be the main physiological role 
of the enzyme. The limonene dehydrogenase is a cytoplasmic heterodimer composed of proteins 
CtmA and CtmB. These proteins share a 27% amino acid composition and a 41% similarity (Figure 2), 
and belong to the FAD-dependent oxidoreductases within COG1233. The experimental evidence we 
gathered suggest that as expressed by C. defragrans CtmAB may carry a covalently-bound flavin. 
Though, the flavinylation site was not detected in mass spectra. Typically, the covalent association 
between flavins and enzymes raises the mid-redox potential by 50 to 60 mV to a more positive 
reduction potential which increases the thermodynamic driving force of the reactions catalyzed 
(Fraaije et al. 1999; Heuts et al. 2009; Huang et al. 2008). There are seven known types of covalent 
flavinylation: 8α-N3-histidyl–FAD/FMN, 8α-N1-histidyl–FAD/FMN, 8α-O-tyrosyl–FAD, 8α-S-
cysteinyl–FAD, 6-S-cysteinyl–FMN, 8α-N1-histidyl-6-S-cysteinyl–FAD/FMN, and phosphoester-
threonyl–FMN (Starbird et al. 2001). The most abundant covalent flavin attachment is the one in 
which FAD is bound to a histidine. 
The overexpression of CtmA, CtmB and CtmAB in E. coli yielded only partially active 
enzyme due to incorrect folding and incomplete flavinylation. Luckily, the limonene dehydrogenase is 
highly induced during C. defragrans’ growth on monoterpenes (Petasch et al. 2014). This allowed us 
to obtain enough purified enzyme from the native host to conduct kinetic experiments. In fact, the 
level of purity reached with our purification protocol can be used for attempting protein crystallization. 
Nonetheless, high scale production of CtmAB for eventual biotechnological applications will require 
setting up a suitable heterologous overexpression platform. Perillyl alcohol, the product of the CtmAB, 
has a significant market given both its organoleptic and anticarcinogenic properties (Gelb et al. 1995; 
Ma et al. 2016; Wagner and Elmadfa 2003; Zafeer et al. 2018). Due to its scarcity in nature and its 
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(Szaleniec et al. 2010) to a hydride transfer in the flavocytochrome c enzymes (i.e. p-cresol 
methylhydroxylase) (Cunane et al. 2005). The latter has also been proposed as the mechanism for all 
described phytoene dehydrogenases and the one we hypothesize for CtmAB. The reaction would start 
by the abstraction of a hydride from the primary methyl group, followed by the transfer onto the 
oxidized flavin. The resulting carbocation would be then stabilized by water addition and proton 
transfer yielding perillyl alcohol. The cycle is completed by re-oxidation of the flavin with the 
supplied ferrocenium ions. The reduction potential of ferrocenium (E°’ = +380 mV) by CtmAB 
coincides with other phytoene dehydrogenases which also utilize in vitro electron sinks with high 
redox potentials, such as oxygen and benzoquinones (Ahn and Kim 2015; Schaub et al. 2012). To 
date, the physiological electron acceptor for CtmAB is not known. However, its co-localization with 
genes encoding for electron transfer flavoproteins (ETF) (CDM25301 and CDM25302) suggests two 
single-electron transfers from CtmAB via the ETFs to a flavoprotein:ubiquinone oxidoreductase 
(CDM23589) (Petasch et al. 2014). ETFs are single-electron shuttles essential for the metabolism of 
fatty acids and amino acids since they transfer the generated reducing equivalents to the respiratory 
chain (Costas et al. 2017; Ghisla and Thorpe 2004; Lehman et al. 1990; Thorpe and Kim 1995; 
Watmough and Frerman 2010).  
CtmAB exhibited ferrocenium reducing activity while oxidizing a wide range of monocyclic 
monoterpenes carrying an allylic methyl group. The substrates included α-terpinene and terpinolene. 
These two monocyclic dienes are the main catalytic products of linalool, α-terpineol, terpinen-4-ol, α-
pinene, 3-carene and sabinene biotransformations occurring in C. defragrans [as described in 
Chapters II and IV]. The hydroxylation of these monocyclic intermediates by CtmAB, most likely to 
perillyl alcohol, integrates the metabolism of most if not all acyclic, monocyclic and bicyclic 
substrates used by C. defragrans in a single pathway: the limonene degradation pathway (Figure 3) 
(Petasch et al. 2014). Such premise explains the metabolic plasticity of C. defragrans towards 
monoterpene substrates. 
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Figure 3. Unified pathway for the metabolism of acyclic, monocyclic and bicyclic monoterpenes 
in C. defragrans 65Phen. Acyclic monoterpenes β-myrcene [1] and geraniol [3] are 
enantiospecifically transformed into (S)-(+)-linalool [2] by the linalool dehydratase/isomerase [Ldi]. 
Linalool is transformed in an ATP-dependent reaction to the monocyclic monoterpenes α-terpinene [4] 
and terpinolene [5]. These together with limonene [6] are substrates of the limonene dehydrogenase 
[CtmAB] which transformed them into perillyl alcohol [7]. The latter is further transformed and 
mineralized by enzymes encoded in the monoterpene-specialized genomic island and then by enzymes 
OH
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of the central metabolism. The bicyclic monoterpenes sabinene [8], 3-carene [9] and α-pinene [10] are 
also transformed into monocyclic monoterpene dienes [4, 5 and 6] either directly or in an ATP-
dependent process involving the formation and dehydration of the monocyclic monoterpene alcohol α-
terpineol [11] or terpinen-4-ol [12.] 
In the recently described pathway, limonene is successively oxidized via perillyl alcohol and 
perillyl aldehyde to perillic acid (Petasch et al. 2014). Then a series of enzymatic steps catalyzed by 
proteins GeoC and MrcDEF result in the formation of the linear compound 3-isopropenyl-pimelyl-
CoA. Up to that point, all enzymes are encoded in a genetic island found in C. defragrans’ genome 
(Petasch et al. 2014). Seemingly, the aim of the enzymes in the island is to functionalize and utterly 
prepare the monoterpene substrate for further degradation via β-oxidation and amino acid catabolism. 
A similar strategy has been proposed for the degradation of the acyclic monoterpenes linalool and 
citronellol in Thauera linaloolentis 47Lol and several Pseudomonas strains (Förster-Fromme and 
Jendrossek 2010; Marmulla et al. 2016a). In these organisms, the monoterpenes are oxidized and then 
broken down in a β-oxidation-like manner to one acetate, two acetyl-CoA units and one 
methylcrotonyl-CoA (C5). The latter is further degraded by enzymes of the leucine isovalerate 
utilization (Liu) pathway (Förster-Fromme et al. 2006; Marmulla et al. 2016a). So far, evidence for 
the utilization of the Liu pathway for monoterpene metabolism has not been found in C. defragrans, 
e.g. in the proteomic study of Petasch et al. (2014). The reason may be the outcome of the β-oxidation 
which in C. defragrans would purportedly be methacrylyl-CoA (C4), instead of methylcrotonyl-CoA 
(C5) (Petasch et al. 2014). Methacrylyl-CoA is oxidized and decarboxylated in the valine degradation 
pathway to propionyl-CoA, one of the most common products of polyunsaturated fatty acid 
degradation in bacteria (Luo et al. 2014). Finally, propionyl-CoA may be integrated into the central 
metabolism via the methylcitrate cycle. 
6.2 A monoterpene efflux exporter as mechanism of tolerance 
In Chapter II several transposon insertions within or contiguous to genes predicted as outer 
membrane components or membrane permeases resulted in defective growth on monoterpenes. The 
phenotype of such insertions, as it has been pointed out previously, most likely accounts for the 
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toxicity of the monoterpene substrates (Marmulla et al. 2016a; Petasch et al. 2014). In Chapter V a 
putative RND efflux complex active on monoterpene substrates was characterized. The expression of 
proteins from this RND transporter is highly up-regulated in monoterpene-grown C. defragrans 
(Petasch et al. 2014; Puentes-Cala et al. 2018), while the deletion of genes ameABCD affects growth 
on monoterpene hydrocarbons, but not on oxygen-functionalized monoterpenes. All in all, this 
inducible RND efflux transporter acts as a line of defense against monoterpene toxicity in C. 
defragrans complementing other detoxification mechanisms known in this organism such as the 
modification of cell membrane composition and monoterpene biotransformation (Foss et al. 1998). 
The exact roles of the periplasmic proteins AmeB and AmeC in the complex still need to be 
clarified. Although it was demonstrated that AmeB is vital for growth of C. defragrans on 
monoterpenes (Petasch et al. 2014), its eventual association with AmeC as periplasmic components is 
unclear. The generation and characterization of deletion mutants lacking ameB or ameC may help 
resolve these questions. Also, I suggest the construction of genetic variants of the ΔameABCD mutant 
for testing monoterpene growth and tolerance, as well as for conducting further Nile Red accumulation 
experiments. The ΔameABCD mutant can be complemented in trans with the individual genes of the 
transporter. Complementation with plasmids carrying the RND complex with only one of the 
periplasmic proteins may bring further evidence as to define the role of these in detoxification. 
Likewise, variants carrying only ameBCD (lacking the outer membrane pore) may show whether 
association with other outer membrane proteins is possible. 
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Table S1: Transposon insertion mutants. The table presents the transposon insertion mutants (name, 
NCBI accession number of protein, annotation 
Mutant  
Length 
[bp] 
NCBI  
accession  
Protein  
annotation 
Probable function 
      
DNA modification / 
transcriptional  control  
  
18 309 ENO90120 
Integration host factor,      -
subunit 
Transcription regulation 
36 2124 ENO88423 
DNA-repair protein; 
Type III restriction enzyme 
DNA repair 
mechanism 
41 813 ENO89557 
DNA-binding domain of 
ModE 
Transcription regulation 
(molybdenum metabolism) 
47 675 ENO85695 
Trancriptional regulator, TetR 
family 
Transcription regulation 
63 294 ENO87982 
XRE family transcriptional 
regulator 
Transcription regulation 
(response to xenobiotics) 
64 675 ENO85695 
Trancriptional regulator, TetR 
family 
Transcription regulation 
83 1074 ENO88415 
DNA sulfur modification 
protein DndB 
DNA binding and recognition 
of modification sites 
88 2568 ENO89640 
PAS/PAC sensor hybrid 
histidine kinase 
Signaling and transcription 
regulation 
Appendix: The anaerobic linalool metabolism in Thauera linaloolentis 47 Lol 
 
 
152 
Mutant  
Length 
[bp] 
NCBI  
accession  
Protein  
annotation 
Probable function 
91 1542 ENO89296 
ATP-dependent endonuclease 
family protein 
DNA repair mechanism 
93 903 ENO82884 
Integrase core domain 
(Transposase) 
DNA mobility 
      Transport    
37 2433 ENO85793 
TonB-dependent siderophore 
receptor (FpvA) 
Transport 
38 2430 ENO90450 
TonB-dependent siderophore 
receptor 
Transport 
60 1332 ENO85236 
Branched-chain amino acid 
transport system permease 
protein LivM 
Branched-chain amino acid 
transport 
69 705 ENO88656 
Membrane protein belonging 
to the AzlC superfamily 
Branched-chain amino acid 
transport 
73 705 ENO88656 
Membrane protein belonging 
to the AzlC superfamily 
Branched-chain amino acid 
transport 
80 1140 ENO86020 
ABC-type multidrug transprort 
system 
Transport 
81 2475 ENO86288 
TonB-dependent siderophore 
receptor 
Transport 
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Mutant  
Length 
[bp] 
NCBI  
accession  
Protein  
annotation 
Probable function 
       Membrane integrity   
21 1971 ENO84346 Penicillin-binding protein 2 
Peptidoglycan synthesis (cell 
elongation) 
52 963 ENO84489 
ADP-L-glycero-D-manno-
heptose-6-epimerase (EC 
5.1.3.20) 
Lipooligosaccharide core 
biosynthesis 
68 1386 ENO89893 
UDP-phosphate galactose 
phosphotransferase 
Lipopolysachharide O-antigen 
synthesis 
85 1386 ENO89893 
UDP-phosphate galactose 
phosphotransferase 
Lipopolysachharide O-antigen 
synthesis 
      Miscellaneous    
54 1548 ENO84316 ATP-dependent RNA helicase RNA metabolism 
58 264 ENO89266 
Lysophospholipase (EC 
3.1.1.5) 
Phospholipid metabolism 
61 16533 ENO89831 
Putative large exoprotein 
involved in heme utilization or 
adhesion of ShlA/HecA/FhaA 
family 
Similarity to hemagglutinin-
like protein; involved in cell 
adhesion 
62 1041 ENO84082 
Peptidase Gluzincin family 
(MA2) 
Protein metabolism 
66 1146 ENO84083 
Fic (Filamentation induced by 
cAMP) family protein 
Regulatory mechanism of cell 
division, folate metabolism 
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Mutant  
Length 
[bp] 
NCBI  
accession  
Protein  
annotation 
Probable function 
67 504 ENO85121 Putative phasin protein 
Surface proteins of 
intracellular storage granules 
87 504 ENO85121 Putative phasin protein 
Surface proteins of 
intracellular storage granules 
      Unclassified    
28 7296 ENO88318* Hypothetical protein unknown 
43 1812 ENO90436* 
Putative ATP and DNA-
binding domain 
DNA metabolism 
46 1209 ENO90599 
Membrane protein, 
Acyltransferase 
unknown 
53 
1524; 
927 
ENO87300; 
ENO87299 
Reverse transcriptase; 
Threonine dehydratase 
Unknown; 
Amino acid metabolism 
55 1104 ENO86348 Hypothetical protein unknown 
70 525 ENO88413 Hypothetical protein 
Motif for dnd system-
associated protein 4 within 
DNA sulfur modification 
system 
71 1179 ENO87344 
von Willebrand factor A 
containing CoxE domain-like 
protein 
unknown 
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Mutant  
Length 
[bp] 
NCBI  
accession  
Protein  
annotation 
Probable function 
76 #         
77 819 ENO89891 
Similarity to labA-like proteins 
(NYN domain) 
Unknown (might be involved 
in RNA core metabolism; 
RNA processome) 
79 1170 ENO89611 Hypothetical protein Unknown (DUF2863) 
84 1104 ENO86348 Hypothetical protein Unknown 
* DNA sequence identical but translation is incorrect in NCBI 
# no sequence was obtained from the sequencing for mutant 76  
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